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I his  report  describes  a study  to  develop  preliminary  design  level  techniques  tor  esti- 
mating the  cost  of  flight  vehicle  structure  in  a way  that  provides  sensitivity  to  the 
type  of  const  ruction  ;tnd  the  type  of  material  used.  Two  techniques,  or  capabilities, 
a re  involved : 

a.  The  ability  to  estimate  costs  of  different  airframe  structures  at  a level  of 
detail  to  supixnl  tradeoff  studies  inovlved  in  the  structural  design  process. 

b.  The  ability  to  estimate  total  airframe  costs,  including  basic  structure  and 
functional  subsystems,  to  supijort  the  evaluation  of  proposed  systems  in  a 
system  study  context. 

The  first  estimating  method  produces  what  is  referred  to  in  this  study  as  trade  study 
costs.  This  method  requires  the  development  of  a technique  that  allows  the  designer 
to  compare  competing  designs  on  a relative  cost  basis  where  the  relative  cost  of 
each  design  is  accurately  represented,  and  the  inputs  required  for  cost  estimating 
are  within  the  data  base  normally  generated  during  preliminary  design.  The  second 
method  produces  what  is  referred  to  as  system  study  costs  It  requires  the  develop- 
ment of  a technique  that  is  also  sensitive  to  design  concepts  and  materials  and  that 
supports  estimating  on  ;ut  absolute  cost  basis  for  inclusion  in  system  concepts 
studies. 

The  current  effort  is  an  extension  of  the  development  under  a previous  Air  Force 
contract  ;uul  documented  in  Reference  1.  That  contract  resulted  in  a methodology  for 
airframe  structural  cost  estimation  and  the  demonstration  of  the  method  based  on 
horizontal  stabilizer  examples.  The  extension  of  Die  method  encompassed  the  re- 
maining major  items  of  the  airframe  basic  structure:  i.c.  , vertical  tail,  wing,  fuse- 
lage, landing  gear,  :uid  air  induction/nacelle.  This  report  covers  that  effort  ;uul  is 
a continuation  of  the  reporting  covered  by  the  contract  Interim  Report,  Reference  2. 


1.  R.  F.  Kenyon,  'Techniques  for  Fslimating  Weapon  System  Structural  Costs, " 
AFFDK-TR-71-74,  Final  Rejiort  (Contract  F33(il  5-70-C-1340),  April,  1972. 

2.  R.  K.  Kenyon,  "Weapon  System  Costing  Methodology  for  Aircraft  Airframes 
and  Basic  Structures,  " AITDI.-TR-73-129,  Volumes  1 through  4,  Interim 
Report  (Contract  F33GJ!3-72-C-2083),  December,  1973. 
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’1  hose  estimating  methods  are  needl'd  to  meet  the  re<|iii  rements  of  the  present  day 
weapons  system  acquisition  pi'oeess.  Most  of  the  Key  decisions  affecting  the  eost  ol 
the  weapon  system  are  made  early  in  the  design  proeess,  during  concept  formulation. 
Decisions  regarding  the  application  of  new  technologies  must  he  made  during  this 
phase  il  they  are  to  lie  introduced  to  the  new  weapons  systems.  This  gives  rise  to  a 
need  to  assess  during  preliminary  design  the  impact  on  eost  of  allemative  designs. 
This  creates  a cost  analysis  problem  since  existing  estimating  methods  have 
deficiencies  when  required  to  operate  in  the  environment,  of  early  preliminary  design. 
The  eost  juialvsis  problems  include  such  items  as:  il)  lack  of  sensitivity  to  structural 
considerations,  i.e.,  typo  of 'const ruction  ;uid  material:  id)  lack  of  integration  with 
design  and  produeibility  i onsideralions:  di)  lack  of  a sufficiently  detailed  analysis  to 
support  structural  tradeoff  studies:  (4)  limitations  on  product  definition  :md  input 
data  inherent  in  that  stage  of  program  development;  and  (f>)  the  continuing;  need  for 
accuracy  in  eost  estimates. 

As  the  number  of  materials  ;md  structural  design  concepts  applicable  to  flight 
vehicle  increases,  it  becomes  increasingly  inqxjrtant  to  know  the  detailed  relative 
costs  of  equal  performance  designs  so  that  the  impact  of  design  options  can  be 
assessed.  Past  experience  and  a review  of  available  literature  describing  current 
estimating  methods  reveal  major  deficiencies  m these  methods  with  repseel  to: 
ili  oversimplification  of  eost  models  and  the  lack  of  depth  of  analysis  required  to 
evaluate  eost  sensitivity  to  design  tradeoff  choices  in  terms  of  construction  methods 
:md  structural  material;  (2)  over-reliance  on  weight  estimates  as  a single  cost- 
driving  variable  anti  especially  ignoring  the  discontinuity  in  the  cost-weight  relation- 
ship brought  about  by  the  advent  of  increasingly  exotic  materials  and  fabrication 
complexities  that  c;ui  create  :in  inverse  cost-weight  relationship;  and  (.4)  a lack  of 
integration  of  design  methods  and  costing  procedures  to  provide  a timely  feedback  to 
designers  to  influence  cost-oriented  design  decisions.  Kach  of  these  shortcomings 
has  contributed  to  the  eost  estimator's  difficulties  in  responding  to  the  requirements 
for  costing  new  airframe  designs  ;uid  for  providing  inputs  to  the  designer  in  a design 
tradeoff  process.  This  has  given  rise  to  the  need  for  defining  a new  type  of  esti- 
mat ing  process. 

].  1 STl'DV  OH.)  Kt’TlVKS 

The  specific  objectives  of  this  phase  of  the  study  were: 

a.  'i  o extend  the  trade  study  costing  method  to  die  remaining  elements  of  the 
basic  structure:  the  fuselage,  nacelles,  and  landing  gear. 

b.  'i  o provide  a computerized  eost  model  for  estimating  basic  structure  hardware 
elements,  nonrecurring,  first  unit,  and  recurring  costs. 


'> 


c,  To  complete  tho  development  of  the  system  cost  esl  im;il  ing  method  lor  Iho 
complete  ai  rframe. 

(1.  I'o  complete  ancillary  studies  dealing  with  Unite  element  synthesis  applicability, 
preliminary  design  applications,  interactive  graphics  applications,  computer 
program  integration,  ;uid  operating  cost  interrelationships. 

e.  i'o  provide  means  of  updating  the  methodology  to  consider  advanced  structures 
;uul  conqxjsile  materials. 

t.  To  provide  computer  programs  Tor  installation  oT  the  system  at  the  Air  Force 
Flight  Dynamics  Laboratory. 

g.  To  select  a Lest  case  and  perform  a demonstration  estimate  in  order  to  debug 
the  computer  program,  to  verify  the  estimating  logic  mid  to  provide  for 
coordination  of  the  system  instatin'  on. 

h.  To  document  and  present  the  methodology  as  contractually  required. 

1.2  SCUFF  AND  LIMITATIONS 

The  study  was  limited  to  a subset  of  cost  categories  defined  from  the  total  set  of 
weapon  system  cost  categories.  The  categories  considered  included  nonrecurring 
design  and  development,  recurring  design  and  development,  and  recurring  production. 
These  were  defined,  from  a work  breakdown  structure  standpoint,  as  including  basic 
structure  only  in  the  case  of  tlic  trade  study  method  and  airframe  only,  i.e.  , basic 
structure  plus  functional  subsystems,  in  the  case  of  the  system  study  method.  This 
excludes  costs  such  as  avionics,  propulsion,  mid  other  costs  identified  to  the 
weapon  system,  such  as  support  costs,  or  identified  to  the  total  vehicle,  such  as 
aircraft  flight  tests. 

hi  addition  to  the  different  areas  of  cost  covered  by  each  method,  different  levels  of 
detail  are  also  involved.  The  trade  study  method  deals  with  Uie  subassembly  level 
whereas  the  system  method  deals  with  the  aircraft  subsystem  level.  However,  this 
distinction  applies  only  to  manufacturing  costs.  Nonrecurring  costs  are  handled  at 
the  same  level  in  both  methods,  and  in  fact,  some  of  the  same  cost  estimating 
relationships  are  used. 

Primary  emphasis  has  been  given  to  the  trade  study  cost  method,  inasmuch  as  the 
principal  objective  of  the  study  is  to  support  tradeoff  studies  in  system  design  to 
answer  specific  questions  regarding  selection  of  type  of  material  and  construction. 
Tradeoff  capability  has  been  provided  for  a range  of  alternative  structure  mid 
material  combinations  based  on  the  present  analytical  capability  of  the  multistation 
structural  synthesis  and  other  synthesis  programs  used.  These  combinations  are 
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first  ealegori zed  by  basic  a.i  reral't  structural  concepts:  skin  stringer  or  multi  rib 
type  applicable  to  a wide  range  ol  airerait  having  moderate  speed  and  load  factor 
requi  remolds : multi  spar  structure  that  characterizes  the  high-speed  high-load 
factor;  and  lull -depth  sandwich,  which  is  usually  confined  to  very  thin  surfaces  such 
as  tails.  The  primary  elements  of  substructure,  that  is,  ribs,  spars,  and  covers, 
are  lurther  categorized  by  basic  tyiK'S  of  const  ruction. 

The  trade  study  cost  method  uses  weight  ;uk!  dimensional  data  obtained  from  a 
supimrting  synthesis  program  as  the  primary  cost-related  variables  in  the  cost 
estimating  relationships.  A structural  synthesis  program  provides  stress  and 
dimensional  analyses  of  structural  components  ;md  weight  data  in  aecorchuiee  with 
input  choices  of  type  of  structure  ;uid  material  :uul  provides  the  basis  for  inter- 
relating tiie  results  ot  these  mialyses  with  cost.  The  structural  synthesis  program 
is  in  turn  driven  by  a vehicle  synthesis  program,  with  the  result  that  a preliminary 
design  study  loop  ran  be  operated  to  evaluate  the  impact  of  airframe  configuration 
changes  generated  by  variations  in  ixuTormanee  requirements.  Development  of 
these  synthesis  programs  >s  not  pa iT  of  this  study, 

1 he  study  has  been  limited  to  the  contractor's  own  cost  data,  ;uui  furthermore,  the 
study  has  carried  forward  the  idea  of  two  different  time  frames  with  respect  to  the 
availability  of  cost  data.  This  concept  of  availability  if  referred  to  as  limited  data 
and  unlimited  data  availability.  Limited  data  is  that  which  is  reasonably  available 
at  die  present  time.  I'nlimited  data  is  that  which  can  reasonably  be  made  available 
in  a future  time  period,  using  more  extensive  methods  of  data  collection. 

A limited  literature  survey  of  specific  references  has  been  accomplished  during  these 
studies  to  investigate  representative  estimating  approaches  as  :ui  aid  in  developing 
cost  estimating  relationship  forms.  This  survey  has  been  augmented  by  continuing 
Convair  Division  research  programs  to  develop  unique  methods  for  estimating  cost 
tradeoff  penaliles  ;uut  payoffs.  This  research  has  been  devoted  to  (1)  identifying 
cost-related  variables,  (2)  development  of  structural  and  weight  analysis  tools,  and 
<31  developing  the  groundwork  for  the  application  of  these  tools  to  the  analysis  of 
costs.  Results  of  this  survey  were  described  in  References  1 and  2. 

Kstimating  techniques  arc  expected  to  be  ujxlated  by  incorporation  of  new  materials 
and  concepts,  labor  and  material  price  changes,  mi  expanded  treatment  of  composite 
materials,  ;uid  the  impact  of  new  aerodynamics  on  construction  methods.  So  that, 
although  the  method  is  not  yet  fully  developed,  it  provides  a sound  basis  for  system- 
atic enlargement  to  provide  the  analyst  with  the  detailed  insights  for  effective  cost 
analysis  and  the  basis  for  future  expiuision  of  the  data  base. 

1.3  DACKtiJd )l'ND 

The  present  contract  is  a follow-on  to  Air  Force  Contract  F33615-70-C-1340  spon- 
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soivd  In  th(>  Structures  Division  of  i lu ■ flight  Dynamics  I ,abo rafory  . That  study 
provided  tor  the  invest  Mention  <>l  repii'Senlnt  ive  approaches  to  cost  estimating  as 
they  are  described  in  the  available  literature,  Uie  conception  ;uul  evaluation  of  new 
approaches,  the  t in  a 1 selection  of  an  approach  for  each  ol  Liu*  two  required  types  of 
estimating,  and  the  development  of  the  selected  approaches  to  the  point  that  their 
leasibilily  could  be  demonstrated. 

The  feasibility  study  was  followed  by  a second  contract,  which  is  the  current  study. 

It  provides  for  extending  the  trade  study  cost  estimating  techniques  from  the 
horizontal  stabilizer  to  the  entire  basic  structure.  The  results  and  findings  of  the 
first  phase  are  being  combined  with  the  results  of  the  additional  research  and  study 
to  produce  ;ut  expanded  and  ujvlated  estimating  system.  The  initial  estimating 
techniques  were  demonstrated  using  the  horizontal  stabilizer  for  evaluation  purjxises. 
Additional  lest  cases  were  run,  based  on  all  elements  of  the  aerodynamic  surfaces, 
die  lusclage  and  nacelle  comjxmenls  and  a final  demonstration  based  on  all  elements 
of  a single  ai  re  raft . 

l.-l  OHt'.ANl/ATlON  OK  THK  IlKl’ORT 

The  final  iteixirt  is  presented  in  two  volumes:  Volume  i,  which  is  Uiis  volume,  the 
Technical  Volume,  mid  Volume  LI,  Parts  1 and  II,  which  make  up  the  Estimating  Hand- 
book and  Pser's  Mmiual.  The  Estimating  Handbook  and  I'ser's  Manual  (referred  to 
as  Uie  Estimating  Handbook)  provides  a detailed  description  of  the  function  ;uid  use 
of  the  two  costing  methodologies.  It  answers  Uie  question:  Ilow  to  make  cui  estimate 
using  these  meUuxIs  ? It  describes  Uie  costing  output,  Uie  cost  estimating  relation- 
ships, the  detailed  inputs  required,  mid  the  processes  for  developing  these  inputs, 
it  also  describes  the  cost  model  computer  program  interlace  with  the  supporting 
synthesis  programs  mid  the  interrelationship  between  baseline  costing  factors  and 
the  historical  cost  data  base.  The  development  of  complexity  factors  used  in  the 
estimating  process  is  also  described  in  detail.  'The  inputs  ;uul  outputs  of  a demon- 
stration ease,  using  the  lf-58  aircraft,  are  also  described.  This  volume  describes 
Uii'  estimating  process  in  its  entirety  in  conceptual  terms  and  reports  Uie  cost 
research  mid  development  accomplished  subsequent  to  the  interim  report,  eonsk  Wo- 
ol Uie  development  ol  the  fuselage  - nacelle  - landing  gear  modules,  the  system 
cost  estimating  method,  the  cost  irnxlel  computer  program,  the  installation  of  the 
cost  estimating  system,  other  related  studies,  and  the  method  demonstration. 

Each  of  Uie  estimating  meUiods  is  covered  separately:  Uie  trade  study  method  in 
Section  II  mid  the  system  method  in  Section  111.  The  cost  model  computer  program 
for  both  methods  is  described  as  a separate  topic  in  Section  IVE  Design  synthesis 
and  weight  analysis  supporting  programs  relate  only  to  Uie  trade  study  nieUioil  and  are 
discussed  in  Section  V.  The  method  demonstration  encompasses  boUi  methods  and  is 
covered  in  Section  VI.  Section  VLL  describes  ancillary  studies  not  discussed  else- 
where. 


1.5  WHY  TWO  MKTIIODSV 


Boll)  estimating  methods  are  used  during  preliminary  design  at  an  earlier  stage 
than  is  normally  associated  with  traditional  estimating  method.  Although  the 
primary  interest  in  the  study  lies  in  the  capability  to  do  detailed  trade  studies  pro- 
vided by  the  trade  study  method,  the  system  cost  estimating  method  provides  ad- 
ditional capability  in  the  following  manner: 

a.  It  permits  ;m  earlier  initiation  of  estimating  effort  since  it  responds  to  a more 
limited  predesign  activity,  functioning  with  a much  more  limited  input  data 
availability. 

b.  It  provides  a more  inclusive  set  of  cost  estimates  covering  the  total  airframe 
and  permitting  comparisons  and  evaluation  in  a specific  frame  of  reference. 

c.  It  is  based  on  a larger  historical  data  base  with  the  attendant  possibility  of 
improved  estimating  accuracy. 

d.  It  provides  a systematic  transition  to  trade  study  costing  through  a dual  mode 
of  operation  that  involves  substitution  of  detailed  estimates  by  hardware 
element  In  a progression  as  input  data  becomes  available. 

The  combination  of  capabilities  provides  earlier  cost  estimating  results  and  a 
selective  process  for  introducing  detailed  estimating.  Discussion  of  the  preliminary 
design  environment  in  which  each  of  ihe  two  methods  might  be  expected  to  function 
is  handled  in  the  related  sections. 
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SECTION  II 


TRADE  STUDY  COST  ESTIMATING  METHOD 

This  section  of  the  report  gives  a brief  review  of  previously  reported  activity,  dis- 
cusses and  describes  the  estimating  method  that  has  resulted  from  the  study,  gives 
a report  on  the  trade  study  related  activity  since  the  interim  report  (primarily  the 
development  of  the  fuselage  estimating  module),  and  finally  describes  the  expected, 
or  possible,  future  development  of  the  method. 

2. 1 REVIEW  OF  PREVIOUS  ACTIVITY 

This  is  a brief  review  of  activity  occurring  during  the  initial  feasibility  study  under 
Contract  F33615-70-C-1340  and  the  activity  under  the  current  contract  involved  in 
developing  the  estimating  module  for  aerodynamic  surfaces  and  described  in  the 

interim  report. 

The  objective  of  the  initial  study  was  to  develop  a basic  trade  study  cost  estimating 
methodology  and  to  demonstrate  its  feasibility  using  a selected  structural  component: 

the  horizontal  stabilizer. 

The  study  included  the  investigation  of  representative  approaches  to  cost  estimating 
as  they  are  described  in  the  available  literature,  the  conception  and  evaluation  of 
new  approaches,  the  final  selection  of  an  approach  for  estimating,  and  the  develop- 
ment of  the  selected  approach  to  the  point  that  its  suitability  could  be  demonstrated. 
The  method  developed  was  eclectic  in  that  it  combined  elements  of  each  of  the  basic 
estimating  methods  that  could  be  categorized  from  the  literature,  e.g. , the  industrial 
engineering  approach,  statistical  estimation,  and  estimating  by  analogs. 

A concept  of  first  unit  cost  was  introduced  at  the  airframe  level  as  a means  of 
estimating  hardware  manufacturing  costs.  The  term  airframe  was  defined  differently 
for  trade  costing  and  system  study  costing.  In  the  case  of  trade  costs,  airframe 
means  the  traditional  vehicle  basic  structure,  excluding  subsystems.  In  the  case  of 
system  study  costs  it  is  defined  to  mean  empty  weight  minus  propulsion  and  avionics. 

A limited  literature  survey  of  specific  references  was  accomplished  to  investigate 
representative  estimating  approaches  as  an  aid  in  developing  cost  estimating  relation- 
ship forms.  This  survey  was  augmented  by  continuing  Convair  Division  research 
programs  to  develop  unique  methods  for  estimating  cost  tradeoff  penalties  and  pay- 
offs. This  research  has  been  devoted  to  identifying  cost -driving  variables,  to  the 
development  of  structural  and  weight  analysis  tools,  and  to  laying  the  groundwork 
for  the  application  of  these  analytical  tools  to  the  analysis  of  costs. 
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r In'  | rule  rt ist  iiicl ln>< I w :i  s < lev eh >ped  l< > line  weight , ]>n  i l fount , and  d i men  si  on  a! 
data,  obtained  Imm  a :miit istal  mu  structural  synthesis  program,  a-;  the  primary 
cost  ri  l tied  variables  in  its  coni  estimating  rclal ionships.  The  study  selected  for 
dc\’c lopnicn i ;ui  estimating  meihodologv  and  specific  cost  estimating  relationships 
that  used  synthesis  program  output...  4 he  structural  synthesis  program  provides 
stress  and  tlimensional  analyses  id  structural  eom|x>ncnls  and  weights  data  in 
aeeordanee  with  input  choices  o!  type  ol  .structure  :uid  material  and  prov  ill's  the 
basis  for  interrelating  the  results  ol  these  analyses  with  cost.  The  structural 
synthesis  program  can  be  in  turn  driven  by  a vehicle  synthesis  program  with  tne 
result  that  ii  preliminary  design  study  loop  ran  be  operated  to  evaluate  the  impact 
of  airframe  coni  igurat  ion  changes  generated  by  variations  in  performance  require- 
ments. 

The  study  approach  and  results  are  completely  described  in  Reference  I.  That 
reixirt  describes  the  study  of  available  techniques,  the  selection  of  suitable  approaches, 
and  the  range  of  cost  categories  estimated.  Schematics  of  the  •commended  esti- 
mating technique  are  shown.  The  types  of  ain  raft,  candidate  structural  concepts, 

;md  feasible  material  combinations  are  also  desi  ribed.  Collection  of  cost  data, 
derivation  of  cost  estimating  relationships  (CKRs),  the  interface  with  the  structural 
synthesis  program,  the  procedures  for  estimating  special  construction  features  and 
••omposite  materia!  application,  the  demon  si  rat  ion  ol  the  technique  with  the  horizontal 
stabilizer  structural  element,  tmd  Lite  proposed  extension  of  the  method  to  the 
remainder  of  the  aircraft  structure  are  all  discussed.  Appendices  are  included  to 
augment  the  description  of  method,  to  describe  the  data  used  in  the  demonstration 
eases,  and  to  provide  additional  backup  data  for  the  justification  and  explanation  of 
demonstration  input  values. 

The  activity  covered  by  the  interim  repo  it  had  as  its  general  objective  the  extension 
of  the  metlnxiology  to  the  hardware  elements  comprising  the  aerodynamic  surfaces. 

The  specific  objectives  of  the  study  were  d>  extension  of  the  trade  study  method  to 
the  vertical  stalbli/er,  canards  and  wings,  ltd  initiation  of  the  extension  of  the  method 
lor  fuselages,  nacelles,  and  landing  geai  , id)  initiation  of  an  U|x!ating  of  the  method 
to  consider  advanced  structures  ;tnd  composite  materials,  ;uul  (4)  providing  a com- 
puterized module  for  aerodynamic  surfaces  to  be  compatible  with  the  final  cost  model 
and  to  interface  with  supporting  structural  synthesis  ;uid  weight  estimating  programs. 
The  accomplishment  with  respect  to  his  phase  of  the  study  is  described  in  Reference  Lf, 
the  Interim  bejxirl. 

This  rejxm  was  presented  in  four  volumes.  V olume  1 provided  a discussion  of  cost 
methods  research  and  development.  Volume  If  described  the  development  mill 
integration  of  supjxjiting  programs:  multistation  structural  synthesis  programs, 
secondary  structure  synthesis,  and  weight  estimating  methods.  Volume  If  presented 
the  cost  and  technical  data  used  in  Uie  development  and  verification  of  the  cost 
methods,  and  included  cost  trend  data  representing  various  summaries  of  cost  made 
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;n  ailable  as  ;i  basis  lor  system  ros|  level  ( ompaiu  on  Volume  •!  ( onsisleil  ol  an 
estimating  techniques  handbook  lo i • llie  estimating  method  aJid  a user's  guide  to  the 
compute  I'i/axl  jimgrams. 

2 . 2 T I T 'I  I N l( ' A 1 . DISCI  SSI<  )N  AND  Midi  IK  )l)  I )KS( ' I - 1 1 ‘TK  )N 

This  section  provides  a description  and  technical  discussion  ol  the  trade  study  cost 
estimating  method.  The  preliminary  design  situation  in  which  the  mode!  would  find 
application  is  described.  None  salient  considerations  in  the  development  arc  dis- 
cussed, and  an  overview  description  ol  the  method  is  presented.  This  leads  to  a 
discussion  ol  the  derivation  ol  the  basic  cost  estimating  relationships  used  in  the 
estimating  process. 

2.2.  1 1 *H i:  i 1 M 1NA  R\  DDS1C.N  APPLICATIONS.  Both  the  trade  study  and  system 
cost  estimating  methods  are  intended  lor  use  during  preliminary  design.  They  are 
combined  in  a single  computer  program  so  that  different  operational  tnixlus  are 
available  tor  application  to  various  estimating  problems.  Thu  modes  are: 

a.  The  trade  study  method  operating  alone. 

I).  The  system  costing  method  operating  alone. 

e.  Both  methods  operating  simultaneously  providing  two  separate  estimates. 

d.  The  system  costing  method  operating  as  the  dominant  mode  but  substituting 
trade  study  estimates  tor  individual  hardware  elements  to  provide  more 
detailed  estimates  for  those  elements. 

It  has  generally  been  the  Air  Force's  experience  that  most  of  the  decisions  affecting 
the  cost  of  a new  weapon  system  are  made  during  llie  conceptual  design  phase.  It  is 
stated  n Reference  . . that  as  many  as  7b  - of  the  decisions  effecting  the 

acquisition  cost  are  made  at  a point  in  time  when  a very  small  percentage  of  the 
total  development  funds,  only  about  2' , , a re  expended." 

Identification  of  this  problem  led  to  the  initiation  of  this  study  with  the  need  for  using 
cost  as  a design  parameter  identified.  More  recently,  l)ol)  has  evolved  the  Dcsign- 
to-Cost  approach  for  weapon  system  acquisition,  which  has  emphasized  the  need  for 
cost  models  that  operate  from  design  characteristics. 


,'j.  M.  K.  Talley  anil  R.  N.  Mueller,  "Rationale  For  Dost -Wei gill  Analysis,  " A1AA 
Rajier  No.  74-5)61,  A1AA  6th  Aircraft  Design,  Flight  Test  and  Operations 
Meeting,  Dos  Angeles,  Calif.,  August  12-14,  1974. 
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Use  of  cost  as  a design  parameter  requires  a cost  estimating  process  that  is 
different  from  traditional  processes.  By  means  of  their  iterative  capability,  their 
sensitivity  to  material  and  type  of  construction,  their  computerization  to  provide 
rapid  response,  their  interface  with  design  synthesis  programs,  their  detailed  cost- 
ing format,  and  their  flexibility  in- terms  of  mode  of  operation,  the  methods  outlined 
represent  a significant  step  in  the  development  of  design-to-cost  methodology-. 

Use  of  this  estimating  approach  involves  a prescribed  interface  between  predesign 
and  cost  analysis  activity.  This  is  illustrated  in  Figure  1.  The  two  activities  of 
design  and  vehicle  sizing,  shown  as  dotted  blocks,  were  not  addressed  in  this  study. 
They  are,  however,  a necessary  source  of  inputs  to  the  supporting  structural  and 
weight  synthesis  programs,  which  have  been  included.  The  interface  between  the 
cost  analysis  and  the  synthesis  programs  is  fully  described,  including  operational 
worksheets,  in  Section  2. 2. 2.4.  A veiy  significant  part  of  the  design -to -cost 
requirement  is  that  the  results  of  the  cost  analysis  be  taken  into  account  in  the 
design  even  to  the  extent  of  it  becoming  a possible  redesign  requirement. 

The  estimating  method  is  currently  operational.  Major  applications  currently 
foreseen  are  as  follows: 

a.  Use  of  the  trade  study  method  in  the  evaluation  of  new  types  of  construction 
and  materials  as  part  of  an  advanced  development  responsibility  requiring 
the  evaluation  of  new  technologies. 

b.  Use  of  the  trade  study  method  in  the  performance  of  design  trade-offs  in  the 
furtherance  of  design-to-cost  objectives  and  othor  designated  trade-off 
studies. 

c.  Use  of  both  methods  to  develop  comparative  cost  data  for  the  evaluation  of 
proposed  new  system  concepts. 

d.  Use  of  the  system  costing  method  in  the  early  phases  of  design  when  complete 
design  information  is  lacking  and  when  only  a subsystem  level  of  detail  is 
required. 

The  first  of  these  applications  is  accomplished  as  a part  of  an  advanced  development 
program  and  is  largely  independent  of  the  schedules  for  specific  weapon  system 
development.  It  is  concerned  with  evaluating  the  choices  to  be  made  in  selecting 
from  among  new  structural  concepts.  It  provides  the  basis  for  advancement  in 
technology  while  considering  the  cost  impact.  Future  advanced  development  pro- 
grams are  candidates  for  this  type  of  cost  analysis. 

The  use  of  the  trade  study  method  for  design-to-cost  involves  structural  design 
trades  as  a part  of  the  larger  task  of  system  design  trades.  Structural  desigi  trades 
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Figure  1.  Predesign -Cost  Analysis  Interface 


;iro  ill  so  pei'lornml  in  connection  with  pmducibility  trades.  The  level  of  analysis 
lends  to  he  progressively  more  detailed  as  Ihe  program  progresses.  These  evalu- 
ations supjiort  the  use  of  cost  as  a design  parameter,  measuring  the  impart  on  cost 
ol  alternat  i ve  concept  s . 

I'he  development  ol  comparative  cost  data  for  use  in  evaluating  promised  new  system 
concepts  involves  either  the  joint  use  onode  d.  ) of  the  two  methods  or  the  use.  of  the 
system  costing  method  alone.  The  use  of  both  methods  is  a complex  solution  since 
the  necessary  sup|x>rting  synthesis  programs  and  design  activity  must  be  called  into 
play.  The  system  method  used  alone  requires  substiuit ially  fewer  inputs  but  does 
not  prov  ide  a detailed  cost  breakdown. 

The  system  costing  method  can  be  resorted  to  in  the  early  phases  of  costing  when 
design  trades  are  not  involved  but  when  point  designs  need  to  be  costed,  'i'he  trade 
study  method  by  itself  answers  questions  as  to  Lite  relative  costs  of  different  design 
approaches  to  support  trade  studies,  but  these  data  do  not  account  for  all  airframe 
system  costs  and  cannot  therefore  be  compared  to  system  level  costs.  With  the 
methods  used  in  combination,  both  types  ot  costing  can  be  accomplished. 

2.  if.  2 Midi  HOD  Dl.VK  LOI'MLNT  ('( iNSLDLitATlONS.  Development  of  the  trade 
study  cost  estimating  method  involved  issues  that  are  briefly  reviewed  in  this 
section . 


2.  2.  2.  1 Costs  To  He  estimated.  Throughout  Lite  study,  it  has  been  necessary  to 
specify  the  boundaries  for  the  costs  being  estimated.  This  was  necessary  with 
respect  to  the  delineation  of  cost  categories  to  be  covered  and  to  definitions  for  the 
categories  that  were  included.  Identification  of  the  subset  of  costs  to  be  dealt  with 
with  respect  to  total  weapon  system  costs  were  described  in  Reference  1.  The 
major  cos;  categories  of  KDTK  ll,  Investment,  and  Operating  Costs  were  defined. 
Operating  costs  were  later  excluded  from  quantitative  consideration.  The  resulting 
categories  were: 


Cost  Categories  Studied 

RDTK-  K Investment 

Nonrecurring  Design  and  Development: 

engineering  - Design  ft  Design 

Support  X 

Tooling  - Initial  and  Rate  X 

Manufacturing  Labor  X 

Material:  RDTK-K  ;uid  Vendor 

Support  X 
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Cost  Categories  Studied  (Continued) 


ring  Ai  rl'rame  Product  ion  : 

HI)  I X L 

Investment 

M Ig.  Li rst  I'n it 

Test  Hardware 

X 

Sustaining  Lngineering 

X 

X 

Sustaining  Tooling 

X 

X 

Production  Hardware 

X 

A definition  of  cost  categories  has  been  accomplished  with  respect  to  the  cost 
estimating  output  formal  described  in  Section  2. 2.'.).  These  definitions  are  given 
in  Appendix  1 ’■ , Inllowing  the  listing  oi  Cf  if  terms,  in  Appendix  A. 

Manufacturing  first  unit  cost  is  used  as  an  estimating  device  for  obtaining  tine  first 
article  cost  of  a production  series. 

2.  2.  2. 2 Level  of  Detail.  The  level  ol  detail  to  lie  used  in  the  trade  study  cost 
estimating  method  was  an  issue  in  its  development.  This  comes  about  in  relation 
to  cost  data  availability,  the  level  necessary  to  perform  significant  trade  studies, 
the  rationale  of  the  cost  estimating  logic,  and  the  resulting  input  requirements. 

As  it  developed,  tile  most  significant  criterion  was  determined  to  be  the  level  of 
detail  necessary  for  adequate  trade  study.  Design  choices  relating  to  structure  are 
defined  with  respect  to  type  ol  construction,  which  is  in  the  main  determined  by  the 
stincturul  synthesis  program  level  of  analysis.  The  exception  is  secondary  struclur 
which  is  less  rigorously  defined,  but  more  importantly,  the  substitution  of  parts 
;uid  the  consequent  definition  of  an  element  of  hardware  need  to  be  accomplished  at 
the  relatively  low  level  of  detail  consisting  of  ribs,  spars,  etc.  There  arc  argu- 
ments for  an  even  lower  level  of  substitution,  but  these  must  be  measured  against 
another  significant  criterion,  the  loved  of  cost  data  availability. 

In  the  ease  of  cost  data  availability,  level  of  detail  is  used  as  a determinant  in 
defining  limited  and  unlimited  data.  Data  is  not  readily  available  at  the  level 
specified  for  the  trade  study  method.  Special  studies  were  required  for  the  data 
acquired,  putting  it  in  the  category  of  unlimited  data.  However,  this  level  of  cost 
data  collection  is  considered  desirable  for  future  efforts,  and  existing  formats  are 
intended  for  use  in  directing  such  effort. 

The  development  of  cost  estimating  relationships  was  not  determined  to  be  con- 
strained by  level  of  detail  since  relationships  e;m  be  established  at  various  levels, 
i.e.  , subsystem,  subassembly,  or  detail  pari.  This  is  verified  by  the  existence  of 
such  relationships  at  each  of  these  levels. 


Input  ivt|ui  remer.ls , ol  course-,  de-rive  from  the  estimating  relationships  ;uul  in 
general  I'cronH-  greater  at  a lower  level  ol  detail.  The  selection  of  level  for  the 
trade  study  met  hoe  I was  not  constrained  by  this,  however,  lor  the  reasons  that  '1) 
input  availability  c;ui  be  matched  by  virtue  of  having  Ijolh  the  trade  study  ;uul  system 
cost  models  ;ind  1 12 1 eompuU-ri/.ation,  inc  1 tiding  interlace  with  the  computerized, 
supi*n’ting  synthesis  models  facilitates  the  htuielling  ol  inputs. 

2.  2 . 2 . 1 Cost  Data  Availability.  The  question  of  cost  data  availability  was  slated  in 
terms  ol  ''limited  data  availability"  and  "unlimited  data  availability.  " The  first 
term  is  intended  to  metui  data  as  it  is  currently  available,  primarily  in  terms  of  the 
hardware  level  to  which  it  is  broken  out.  'J  he  second  term  applies  to  the  notion  of 
improving  the  breakout  and  availability  of  cost  data  by  future,  more  comprehensb  e, 
cost  t lata  collection  approaches.  Obviously,  limits  apply  to  the  later  situation,  but 
relative  to  current  availability,  it  rep  re  stalls  a substantial  increase  in  cost  data 
availability. 

A further  study  limitation  was  that  only  the  contractor's  own  data  would  be  used.  A 
summary  ol  the  raw  cost  data  Unit  was  developed  on  an  aircraft  basis  is  shown  in 
figure  2.  Processing  and  analysis  of  this  data  resulted  in  a raw  data  bank  consisting 
of  three  elements  as  shown  in  figure  3. 


C*  - 1 -11 A 
C - 5 A 
f - 1 1 1 A 
f-11  1A 

I-  -111A 
VSX 
AX 
VfX 

II- 52 
880/990 
LIT 

MODK I,  48 
F-102A 
F-10GA 
11-58 


HORIZONTAL  AN1)  VERTICAL  STABILIZER 
HORIZONTAL  AND  VERTICAL  STABILIZER 
CONVENTIONAL  HORIZONTAL  STABILIZER 
EXPERIMENTAL  BORON  HORIZONTAL  STABILIZER 
VERTICAL  PIN.  WING,  1TSELAGE,  IANBING  GEAR 
PROPOSED  S - BA  G ON  FIG  E RATION.  SUBSYSTEM  LEVEL, 
PROPOSED  CONFIGURATION,  SUBSYSTEM  LEVEL 
PROPOSED  F-14  CONFIGURATION,  SUBSYSTEM  LEVEE 
OUTER  WING  PANE  I. S 

HORIZONTAL  STABILIZER,  WING,  ELSE  1 AGE  , NACELLES 
PROPOSED  CON  FUG  RATIONS , SUBSYSTEM  LEVEL 
CHARGER  PROTOTYPE  AIRCRAFT.  AIRFRAME  TOTAL 
AIRCRAFT  PROGRAM,  AIRFRAME  LOTAL 
AIRCRAFT  PROGRAM,  AIR  PRAM  E TOTAL 
AIRCRAFT  PROGRAM,  SUBSYSTEM  LEVEL 
Figure  2.  Total  Aircraft  Sample. 
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PHASE  I 


PHASE  11 


PHASE  in 


Figure  3.  Cost  Data  Bank  Organization. 

The  ultimate  objective  of  the  processing  and  analysis  of  the  cost  data  is  to  provide 
CER  back-up  data.  This  data  phase  is  entered  in  Volume  II  of  the  report  and  cross- 
referenced  to  the  applicable  CER. 

The  data  available  from  accotnting  records  has  been  augmented  by  data  from  pro- 
posal estimates,  by  special  analyses  of  the  actual  cost  data,  and  by  special  cost 

studies.  The  use  of  proposal  data  is  felt  to  be  warranted  because  of  the  small 
sample  sizes  that  result  at  the  level  of  detail  undertaken.  Special  analyses  of  cost 
data  are  described  in  several  places  in  Reference  1.  Data  from  special  studies  is 
described  in  Volume  II  of  this  report.  It  consists  of  industrial  engineering  studies 
based  on  the  analysis  of  manufacturing  processes  involved  with  relevant  types  of 
construction  and  types  of  material  and  based  on  results  from  various  experimental 
hardware  projects. 

2. 2. 2. 4 Interface  WithDesim  Synthesis  Programs.  As  shown  in  Figure  1, 
technical  inputs  are  supplied  to  the  cost  analysis  process  by  the  various  design 
synthesis  programs  involved.  The  operation  of  these  programs  to  supply  the 
required  inputs  is  crucial  to  the  iterative  operation  of  the  cost  model.  The  transfer 
of  data  between  the  cost  model  and  its  supporting  programs  is  handled  manually. 

A series  of  worksheets  have  been  devised  to  handle  the  input/output  sets  between 
these  models.  Separate  sets  are  required  for  aerodynamic  surfaces  and  for  the 
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fuselage,  nacelle  ami  landing  gear.  This  flow  of  data  is  described  in  detail  in 
Volume  II.  Figures  40  and  41  of  that  volume  outline  the  respective  requirements, 
and  Appendix  J reproduces  a complete  set  of  worksheets,  as  used  in  the  demonstra- 
tion case,  to  illustrate  the  method 

2. 2. 2. 5 Categorization  of  Structure  By  Type  of  Construction  and  Type  of  Material. 

A means  of  categorizing  types  of  construction  and  material  was  needed  as  a defini- 
tional basis  for  referencing  historical  cost  data  and  for  developing  complexity 
factors.  In  the  case  of  primary  structure  the  categorization  adopted  is  that  used  in 
the  structural  synthesis  program  (APAS).  In  the  case  of  secondary  structure,  a 
similar  categorization  was  not  conveniently  available,  and  it  is  required  that  a given 
combination  of  structural  elements  be  identified  and  dealt  with  as  a desigi  concept. 

On  a theoretical  basis  this  looms  as  a difficult  problem.  On  a practical  basis  it 
becomes  manageable  since  only  a few  combinations  are  used.  However,  the  area 
of  secondary  structure  does  not  lend  itself  to  a building  block  approach  and  must  be 
developed  by  defining  each  individual  combination.  Both  baseline  estimating  coef- 
ficients and  complexity  factors  are  made  by  analogy  considering  a comparison  of 
characteristics. 

Figure  4 represents  the  structural  definitions  used  for  primary  structure.  The 
same  definitions  are  used  for  spars  as  for  ribs.  An  expanded  capability  can  be 
made  available  for  covers  as  shown  in  Figure  5 based  on  recent  developments  in  the 
APAS  program.  Cost  factors,  however,  were  developed  based  on  the  earlier 
categorization. 

Material  categorizations  include  aluminum,  titanium,  low  carbon  steel,  and  stainless 
steel.  Various  composites  are  currently  being  studied  under  independent  research 
and  development.  Extensions  to  the  complexity  factor  data  can  be  made  by  an 
analysis  of  the  impact  of  a change  in  material  on  manufacturing  processes  as 
defined  by  the  construction  categories. 

The  study  has  verified  that  historical  cost  data  is  not  available  for  all  combinations 
of  types  of  construction  and  material.  The  reason  for  this  is  simply  that  existing 
aircraft  are  repetitive  in  their  use  of  material/construction  types.  Construction 
and  material  types  represented  by  the  aircraft  reviewed  have  been  determined.  An 
example  of  the  results  is  given  in  Table  1.  A complete  set  of  the  available  data  is 
given  in  Volume  II,  Appendix  G . 

The  estimating  method  selected  requires  a minimum  of  one  actual  data  point  per 
CER.  Thip  is  needed  to  calibrate  the  structure  of  industrial  engineering  estimates 
involved.  Additional  data  points  are,  obviously,  useful  and  desirable.  Estimating 
new  types  of  construction  and  materials  relies  on  a process  capable  of  looking  into 
the  requirements  of  new  features  in  terms  of  their  impact  on  functional  procedures; 
i.e.,  manufacturing,  quality  control,  tooling,  etc. 
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RIBS  COVERS 
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Figure  4.  Definition  of  Ribs  and  Covers  Types  of  Construction. 
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Figure  !3.  Structural  Flement  Geometry  - Covers. 
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Table  1.  Construction  Types  Represented  in  the  Data  Sample. 


Aircraft 

Skins 

Kibs 

Spars 

C-141  Horizontal  Stabilizer 

Built-up  skin  stringer 

Built-up  and  integral  truss 

Built-up  web  stiffener 

C-141  Vertical  Stabilizer 

Built-up  skin  stringer 

Built-up  and  integral  truss 

Built-up  and  integral  truss 
Sheet  web 

C-5A  Horizontal  Stabilizer 

Integral  skin  stringer 

Built-up  truss 

Built-up  web  stiffener 

f -5A  Vertical  Stabilizer 

Integral  skin  stringer 

Built-up  truss 

1 Built-up  web  stiffoner 

F-111A  Horizontal  Stabilizer 
(Conventional) 

Machined  plate 

Honeycomb  core 

Integral  web  stiffener 

F-111A  Horizontal  Stabilizer 
(Boron) 

Sheet 

Integral  web  stiffener 
honeycomb  core 

Shoet  web 

VSX 

Sheet 

Built-up  web  stiffener 

Built-up  web  stiffener 

AX 

Machined  plate 

Built-up  web  stiffener 

Built-up  web  stiffener 

VFX 

Integral  skin  stringer 

Sheet  web  and  integral 
web  stiffener 

Sheet  web 

B-52  Outer  Wing  Panel 

Machined  plate 

Built-up  web  stiffener 

Built-up  truss 

880/990  Horizontal  Stabilizer 

Built-up  sheet  stringer 

Built-up  truss 

Built-up  web  stiffener 

Lrr 

Sheet 

Sheet  web 

Integral  web  stiffener 

F-IU  Vertical  Fin 

Machined  plate 

Integral  web  stiffener  and 
integral  truss 

Integral  web  stiffener 

2. 2. 2.6  Investigation  of  Estimating  Methods.  An  investigation  of  estimating  methods 
was  undertaken  as  part  of  the  study  in  order  to  provide  the  basis  for  eclectically 
selecting  the  most  suitable  approach.  This  investigation  was  initiated  as  part  of  the 
feasibility  study  and  was  described  in  Reference  1.  Stemming  from  this  literature 
review  and  general  cost  research  conducted  by  Convair,  baseline  candidate  methods 
for  satisfying  requirements  for  trade  and  system  study  cost  estimating  techniques 
were  postulated.  Final  recommendations  were  incorporated  in  the  methods  selected 
for  development.  Additional  literature  review,  as  described  in  Reference  2,  has 
been  conducted  but  has  not  altered  basic  conceptions. 

An  overview  and  summary  of  estimating  methods  is  given  in  Figure  6.  Traditional 
estimating  methods  have  focused  on  questions  such  as  the  level  of  detail  of  the 
estimate,  the  administrative  responsibility  for  the  estimate,  and  the  techniques  to 
be  used  to  substantiate  the  estimate  at  whatever  level  is  used.  Available  techniques 
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Figure  6.  Estimating  Methods. 


wt'iv  summarized  by  ILuid  I l{<*l'c i‘t*m -1)  as  the  three  techniques  shown:  statistical, 
analogy,  ami  industrial  engineering.  The  grass  roots  method  specilies  level, 
primarily  in  terms  of  organization,  hut  does  not  necessarily  specify  technique. 

Traditional  methods  haw  defined  an  estimating  rule:  The  credibility  of  the  eosl 
estimate  is  directly  projx>i1ional  to  the  definition  provided.  Seemingly,  constraints 
are  imposed  on  estimating  methods  by  input  requirements,  ;uul  lower  Uwels  of 
estimating,  such  as  component  level  analysis,  are  not  attempted  in  eariy  phases  of 
design . 

The  trade  study  estimating  method  is  at  the  component  level  but  has  not  attempted 
the  further  objective  of  being  entirely  statistical.  This  would  require  considerable 
additional  data,  hi  the  meanwhile  the  teelmiques  of  analogy  and  industrial  engineer- 
ing analyses  provide  back-up  approaches. 

if.  2. 11  A DESCHI PTION  OF  TIIK  MFTHOJ).  This  section  is  intended  to  provide  an 
overview  of  the  trade  study  method.  Figure  7 is  a flow  diagram  for  the  method. 
(This  figure  is  also  used  in  Volume  II),  and  will  be  used  as  the  basis  for  this  dis- 
cussion. The  basic  elements  of  the  method  are  highlighted  in  Figure  8. 


Figure  8.  Estimating  Process  Basic  Elements. 

Input  development  relates  primarily  to  the  preliminary  design  interface  and  in  parti- 
cular the  supporting  structural  synthesis  prog  nuns.  The  development  of  inputs  will 
be  described  and  illustrated.  Inputs  are  categorized  by  method  of  handling,  i.e., 
NAMFITST  variables  versus  model  card  inputs,  and  by  the  nature  of  the  input. 

These  categorizations  amount  to  almost  the  same  thing  since  the  method  of  handling 
is  specified  by  the  nature  of  the  imput.  NAMELIST  variables  vary  with  the  design 
characteristics  whereas  the  model  card  inputs  consist  of  estimating  coefficients 
that  are  baselined  to  the  historical  data  base  and  vary  only  as  values  are  reevaluated. 
The  estimating  logic  consists  of  a series  of  cost  estimating  relationships  that  will  be 
discussed  and  dud  are  listed  in  Apjxjndix  A.  The  cost  output,  the  product  of  the 
estimating  process,  is  the  final  element  of  the  process. 


4.  G.  S.  I .even  son  and  S.  M.  Barro,  Cost  Estimating  Relationships  for  Aircraft 
Airframes,  RM-48  4 5-PK,  Hand  Corp. , December  19G5. 
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Figure  7.  Trade  Study  Cost  Estimating  Method. 


t ■ i si  ( nn  pui 

1 In  nut  put  formats  ;i  iv  a logical  starling  ■ < > i nt  lor  the  method  description  . A 

complete  set  ol  output  data  represents  .!(>  di  lie  rent  computer  printouts.  A complete 
set  ol  these  is  given  in  Volume  11  with  their  location  given  in  Table  M-l.  Table  T , 
which  also  appears  in  Volume  11,  summarizes  the  cost  printouts  involved  in  a trade 
study  estimate.  The  number  of  printouts  varies  with  the  number  of  different 
<|U;uililies  included,  figures  !),  10,  It,  and  i 2 show,  respectively,  examples  of 
lirst  unit  mist,  a pi'1 'duel  ion  quantity  un  this  east  IvDTxKi,  nonrecurring!,  design 
and  development , ;uui  a recurring  production  summary.  The  wing  is  used  as  the 
example  in  each  ease.  The  remaining  hardware  elements  are  dealt  with  in  a 
comparable  manner,  although  Lite  detailed  list  of  hardware  components  making  up 
each  element  differs.  The  printouts  for  the  various  production  quantities,  i.e.  , 
KDTkF,  production  quantity  1,  and  production  qimntity  2,  are  identical  for  each 
component . 

Wing  First  Fnil  Cost,  shown  in  Figure  !),  involves  definition  of  cost  by  primary 
;md  secondary  structural  element  ;uu!  by  element  of  cost,  i.e.  , manufacturing  labor 
broken  down  into  fabrication  ;uul  assembly  tasks  ;md  production  material.  Definitions 
for  the  breakdown  are  given  in  Appendix  A.  The  use  of  first  unit  cost  in  the 
estimating  process  is  discussed  in  Section  2.2.4  in  connection  with  the  derivation 
of  (Tibs. 

The  cost  of  production  emits  is  estimated  in  the  detail  shown  in  Figure  10.  This 
breakout  is  identical  to  the  one  for  first  unit  cost,  and  the  estimates  are  made 
simply  by  a learning  curve  projection  of  the  first  unit  values. 

Non  recurring  design  and  development  costs  consist  of  engineering  labor  and  material: 
loot  engineering,  manufacturing,  and  material;  manufacturing  support;  ((utility 
control;  tuul  manufacturing  development,  't  hose  are  for  .structural  subsystems  only, 
as  si  own  in  Figure  11.  Definitions  are  included  in  Appendix  A. 

Figure  12  provides  a summary  of  recurring  airframe  production  costs.  This 
summary  is  provided  for  each  of  the  production  quantities  estimates.  It  summarizes 
manufacturing  items  of  cost  .ind  provides  for  the  estimating  of  sustaining  engineering 
and  tooling  for  the  various  production  quantities.  Manufacturing  costs  are  obtained 
from  the  detailed  printouts.  The  item  "assembly"  comprises  hardware  element 
subassembly  ami  major  assembly,  as  defined  for  primary  ;uul  secondary  structure. 

(lencralizcd  Cost  .Model  (COSTC) 

The  basis  for  the  cost  model  programming  is  a series  of  cost  estimating  relation- 
ships contained  on  model  can's  that  are  classed  as  input  data.  This  is  made 
possible  by  a driver  program  that  is  referred  to  as  the  COSTC  program.  COSTC  is 
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Figure  11.  Nonrecurring  Design  :ind  Development  Costs. 
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Figure  12.  Recurring  Airlramc  Production  Costs  iSummarvi. 


i generalized  cost  model  dial  acts  as  a data  manager  ol  inputs  consisting  ol  tile 
model  cards  containing;  instructions  tor  calculations  and  variables  uscil  in  these 
calculations.  The  variables  arc  handled  In  the  NAM  1.1  1ST  contention.  The  ( FiF- 
arc  entered  on  the  model  cards  as  standard  Forlrtm  statements  tl-’-cardsi  or  as  a 
coded  entry  1/  -cards). 

The  programming;  aiiproaelt  using  COST;  is  ;ut  integral  part  ol  Lite  cost  model  com- 
puter program,  and  its  operation  is  discussed  further  in  Section  IV.  f or  the 
purpose  of  di  scribing  the  estimating  method,  however,  some  idea  of  die  model  card 
CKK  entry  is  needed.  Figure  13  is  a sample  of  model  card  entries  showing  five 
tyiK's  tetxling  appears  as  the  first  letter  of  each  line  - except  in  the  ease  of  a.  so-called 
bhuik  card). 

a.  The  C-eard,  which  lunetions  tis  a standard  commeift  card. 

b.  The  D-eard  causes  the  printing  of  the  line  just  computer  by  the  preceding 
calculation  card  If-,  or  F -)  tuid  columns  3-38  are  printed  as  the  title 
for  that  line. 

e.  The  F-card,  a generalization  of  the  7 card  in  which  the  computational 

formula  is  written  on  the  card  in  a Fortran  - compatible  format,  rather  than 
specifying  a code  for  the  desired  formula  as  in  the  ease  of  the  /-card. 

d.  The  K-card  is  again  a special  ease  of  the  ’/.-card,  h is  used  to  transfer  data 
within  the  SAV  matrix  and  is  explained  in  Volume  II,  Apixmdix  A. 

e.  The  blank-card  is  identified  by  the  lack  of  symbols  in  the  first  two  columns. 

This  card  is  ignored  in  the  output  printout  but  will  be  printed  in  the  model  card 
input  printout.  It  occurs  just  under  F ,'!b  1 in  Figure  l.'J  causing  the  printing 

of  the  symbols  WCl  and  F7,  idenJlying  the  values  appearing  directly  alx>ve 
in  the  line  above.  (Key  punch  must  coordinate  the  spacing.  > 

A complete  listing  of  the  model  cards  used  is  contained  in  Volume  It,  Appendix  A. 

This  list  defines  the  total  set  of  calculations  used  in  the  estimating  process.  Z -cards 
have  been  mentioned  but  not  exemplified.  They  are  explained  in  Volume  11, 

Apjtendix  A . 

As  tut  example  of  the  meaning  ascribed  to  the  model  card  entries,  in  Figure  13,  the 
sixth  F-card  entry  appears  as  follows: 

F 3b  1 CHI  WNC.  * 55.0  * Will  \VNC**.(J7 

'This  card  says,  first  that  it  is  tut  F-card,  that  the  results  of  the  calculation  called 
for  are  to  be  recorded  in  the  SAV  matrix  on  line  38,  column  1,  tuid  that  the 
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Figure  13.  Sample  Model  Card  Entries. 


ealeulal  inn  In  hi1  |X'rformed  is: 


. (17 


where 


Cost  (CIO 

XX'Nli  KobwXX  l)  1 XV NO  ) 

CIO  XV NO 

A complexity  factor 

r>r>  \x'  ci 

A reference  cost  per  pamd 

XV  1)1  XX  NO 

Weight  of  the  wing  leading  edge 

. ST  F7 

XX'eight -cost  scaling  exponent 

1'lu*  SAX'  matrix  is  a I eat  urc  of  the  COS'J'C  programming.  It  consists  <>1  ;i  matrix  in 
which  the  lines  and  columns  identity  the  address  where  intermediate  calculations  are 
stored.  The  address  designations  may  themselves  be  used  as  inputs  to  the  calcu- 
lation process.  A SAX'  matrix  printout  tor  the  demonstration  case  is  given  in 
Apjiendix  C , X'olume  11. 

The  COSTC  program  can,  and  perhaps  should,  be  treated  as  a transparent  program 
d.e.  , looking  only  at  inputs  and  outputs).  This  cam  be  done  without  any  fundamental 
loss  in  program  understanding.  Use  of  the  program  does,  however,  involve  under- 
standing several  conventions  such  as  that  exemplified  above.  'I' he  functions  of  the 
various  types  of  model  cards  used  arc  described  in  Appendix  A of  Volume  II,  in- 
cluding the  rules  applicable  to  the  use  of  each. 

Cost  Estimating  Relationships 

A series  of  cost  estimating  relationships  have  been  derived  for  estimating  the  sets 
of  costs  shown  in  'J  able  2 to  the  level  of  detail  exemplified  in  Figures  9 through  12. 
'file  number  and  type  of  CFRs  are  summarized  in  Figure  14.  These  CHRs  are 
listed  in  Appendix  A.  Their  derivation  is  discussed  in  the  following  section. 

X'olume  II  gives  a complete  synopsis  of  the  CFRs  relating  cost  estimates  to  equational 
form  to  input  requirements  ;uid  sources  and  to  the  location  of  back-up  data  for  cost 
esti mating  coefficients . 


Since  the  cost  estimating  relationships  are  entered  on  model  cards,  they  may  lie 
revised  simply  by  a change  to  the  relevant  model  card  and  a change,  where  necessary, 
to  the  NAMKKIST  variables  and  the  COMMON  block,  'flic  latter  change  is  necessary 
whenever  the  new  CHR  adds  additional  NAMKI.IST  variables.  Changes  involving 
variables  used  only  for  the  affected  calculation  produce  no  constraint.  The 
NAMKI.IST  retains  the  conventional  convenience  of  changing  all  uses  of  the  variable 
with  a single  input  change.  CFRs  cam  thus,  themselves,  be  classed  mill  handled  as 
input  data. 
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figure  14.  Number  and  Type  of  CERs. 


The  cost  model  logic  is  based  on  ( ' FRs  ol  ;i  ee rl  ;i in  form . but  the  del  in  il  ion  :d  so 
includes  a specific  set  of  baseline  estimating  coefficients,  these  are  based  on  an 
evalual.on  of  the  historical  cost  data  base  a\ailable  at  a given  ]*>int  in  time.  These 
coelliciei  ts  are  called  out  on  the  nnxlel  cards,  and  the  mechanical  process  for 
changing  them  repi'esents  simply  a revision  to  a partieuhir  input  card.  The  basis 
tor  the  change,  however,  typically  involves  a roevaluation  of  the  data  base. 

F aeh  of  the  ('Id;  forms , its  derivation  , and  the  make  up  of  the  est  i mating  eoel IT  ients 
is  discussed  be'iou  in  the  section  on  CFK  derivations.  However,  in  order  to  expl  tin 
the  basic  idea  of  the  estimating  method,  a sample  of  one  CFR  used  in  each  ol  three 
cost  categories  is  presented  in  Figure  lb.  Numerous  other  examples  might  have 
been  cited.  This  will  also  serve  as  the  basis  for  the  explanation  of  inputs  and  input 
organization  in  connection  with  Figure  7,  which  follows  later.  Figure  Hi,  produced 
from  Figure  9,  identifies  which  costs  are  estimated  by  means  of  the  above  CKKs, 

The  above  discussion  leads  logically  into  a discussion  of  inputs  and  input  organization. 
It  is  necessary,  however,  to  digress  to  cover  the  item  of  special  procedures  and 
analyses  shown  in  Figure  7. 

Special  Procedures  tuul  Allah  ses 

These  are  supplements  lo  the  basic  estimating  logic.  T hey  are  not  specifically 
defined  but  tire  developed  as  the  need  arises  for  estimating  problems  that  are  not 
answered  by  the  programmed  CPUs.  A library  of  these  would  be  maintained  for 
ili  possible  use  as  a basis  for  modifying  the  estimating  logic,  and  (21  analogs  to  be 
used  in  malting  future  estimates.  Fxamples  of  the  special  eases  that  cam  occur  are: 

a.  Special  bonding  processes  such  as  adhesive  and  weld  bonding. 

b.  Combinations  of  type  of  const  ruction,  as  for  example,  a rib  design  that  calls 
for  a combination  of  machined  caps  ;ind  built-up  center  web. 


e.  Structure  involving  fuel  tanks  that  are  integral  to  the  structure. 

cl . Special  structural  features  peculiar  to  the  particular  design. 

Some  examples  of  supplemental  estimating  were  given  in  Reference  1,  namely 
honeycomb  structure  and  fabric  composites  used  as  bonded  reinforcement  to  con- 
ventional structure.  These  procedures  and  analyses  do  not,  by  their  nature,  lend 
themselves  to  standard  definition  ;uid  require  solutions  outside  the  model. 

Inputs  and  Input  Organization 

Figure  7 shows  inputs  organized  into  two  categories:  NAMKFIST  variables  tuul 
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Figure  15.  CER  Examples  for  Manufacturing  First  Fnit  Cost. 
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model  card  coefficient  s , neglect  ing  FKRs  as  inputs,  figure  17  will  serve  to 
illustrate  the  basic  categorization,  and  other  C Kll  forms  to  be  described  will  be 
seen  to  follow  this  same  general  pattern.  The  meanings  ol  the  symbols  illustrated 
are  as  lol lows : 

II.  Fabrication  hours  for  ribs,  frames,  spars,  longerons  and  covers 

corresponding  to  element  inputs  for  element  estimated. 

W. 


t’F.  A series  of  complexity  factors  corresponding  to  the  above  series. 

\YT,  Computer  summation  of  weights: 

\YT  Sum  of  rib  weights 

\VT1  Sum  of  spar  we i gilts 

\\T2  - Sum  of  cover  weights 

111'.  - A scries  of  reference  cost  per  pound  values  for  ribs,  frames, 

spars,  longerons,  ;tnd  covers  related  to  fabrication  labor. 

K.  A series  of  weight  sealing  exponents  for  ribs,  frames,  spars 

longerons,  and  covers  related  to  fabrication  labor. 

R --  Assumed  labor  rate. 

The  size  parameters,  which  are  generally,  but  not  always,  weight,  and  the  com- 
plexity factors  vary  with  the  design  characteristics  of  the  component  estimated  and 
are  handled  as  NAMKKLST  ($.SI/Kl  variables.  Figure  18  illustrates  the  associated 
computer  program  input  card  ;ind  shows  these  variables  for  the  wing.  The  other 
variables  shown  relate  to  the  remaining  CFRs.  A NAMKI.IST  variables  dictionary 
is  contained  in  Volume  II,  Appendix  1).  As  shown,  learning  curve  variables  are 
handled  in  a separate  NAMKI.IST,  that  is  $(TRYK.  The  NAMKI.IST  $ SUMMARY 
applies  to  the  system  costing  method. 

The  model  card  coefficients  consist  of  the  terms  UK.  ruul  K..  These  are  baseline 
estimating  ter  ms  and  are  based  on  rut  analysis  of  historical  data.  This  analysis  and 
the  nature  of  the  data  base  changes  that  might  give  rise  to  a chrmge  in  their  value  is 
explained  as  part  of  the  CKR  derivation.  As  mentioned  before,  all  such  changes, 
are  handled  as  model  card  revisions  necessitating  key  punching  revised  cards  or 
the  use  of  Interactive  Graphics,  which  would  involve  a tape  file  change  bv  graphic 
display  and  keyboard  control. 
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A series  ol  weights  lor  the  component  estimated  coded  as:  \V  W , 
and  \Vi  for  three  possible  combinations  of  rib  types;  \V  . \\'r,  and  “ 
\Y  . fo f spars , etc 
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Figure  17.  CER  Form  for  Costing  Concept. 
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Figure  IS.  NAMELIST  Input  Curd. 


I .abo  r rah  :irc  handled  ;is  a NAMKI  I S’  1 input,  KM  (i.2t)  in  Uic  i I lust  ml  ion  . The 
example  in  1 igure  17  is  conceptual  only,  however,  since  labor  rules  nre  ;< ] )j »1  ic*( I at 
:tn  aggregate  level . 

llu'  \.\  M K 1 .1ST’  diet  ionarv  defines  nil  such  inputs.  Model  run!  inputs  nre  culled  out 
on  the  model  curds.  Volume  I!  provides  n complete  discussion  of  inputs  us  they 
derhe  from  the  individual  CKKs.  spirting  on  page  12.  Figure  It)  provides  a summary 
\ iew  of  input  or  jinn  i /.at  ion  . 

Input  Development 

Volume  11  describes  a complete  set  of  worksheets  that  would  be  used  for  working  up 
inputs  for  a given  estimate.  These  inputs  are  discussed  in  the  description  of  the 
CKKs  themselves.  I he  process  of  input  development  is  depicted  in  general  terms 
in  figure  7.  This  picture  is  amplified  by  figure  20,  which  will  be  used  for  a 
discussion  of  input  development.  Input  development  is  crucial  since  the  availability 
ol  the  proper  inputs  determines  the  success  of  the  predesign  estimating  process. 

Also  the  development  is  not  completely  objective  and  needs  to  provide  for  the  ex- 
perience and  judgment  ol  the  cost  analyst.  This  figure  also  focuses  in  further  on 
the  interlace  with  the  design  synthesis  programs. 

The  source  of  Al’AS  in|)Uts  is  not  s|)ecified,  but  would  be  determined  within  a given 
p redesign  activity.  The  input  requirement  is  defined  in  Worksheet  1,  page  4110, 
Volume  11,  Appendix  I . A separate  Al’AS  run  is  required  for  each  of  the  structural 
elements:  wing,  horizontal  stabilizer,  etc.  The  various  items  of  dimensional  data 
used  as  CKK  inputs  are,  for  the  most  part,  throughputs  to  the  A PAS  program. 

The  aerodynamic  surfaces  secondary  structure  synthesis  and  weight  analysis  pro- 
gram has  a set  of  inputs  as  defined  in  Worksheet  page  MO,  Volume  11,  Appendix  I. 
This  program  is  also  referred  to  as  the  leading-edge,  l rni ling-edge  program. 

1. abor  rates  are  applied  to  reflect  the  time  j>eriod  involved  and  the  cost  performance 
of  the  contractor,  '..earning  curve  factors  are  based  on  historical  data.  This  study, 
however,  has  not  been  addressed  to  this  problem  at  the  detailed  level  at  which 
production  costs  have  been  projected.  Costing  factors  include  baseline  cost  esti- 
mating coefficients,  complexity  factors,  and  direct  estimating  factors.  Their 
development  is  a subject  of  discussion  under  CKK  derivation. 

2.  2.  •!  PKKIVATH  >N  UK  COST  KST I MAT1NC.  K K 1 AT  K >NS1 1 1 PS,  The  CPUs  used  in 
the  trade  study  cost  estimating  method  have  been  categorized  as  follows: 

a.  First  I nil  Manufacturing  Costs. 


b. 


Kecurring  Knit  Costs. 


Figure  19.  Cost  Model  Input  Summary. 
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(1. 


Recurring  Ai rf r;iiiic  l * i< k! |mi  Cusls  iSimnurvi 

I igures  I).  10,  11,  and  Id  scr\  c In  illustrate,  renpect ively , these  categories.  ( ' K K 
deri  \ : 1 1 i « >i  i will  he  discussed  with  reference  ti>  this  li'nmewni'k. 

first  unit  costs  and  recurring  unit  costs,  us  seen  from  !■' inures  P and  10,  use  the 
same  bn  al  .down  oi  cost , subject , how  ever , to  the  va  riat  ions  ini  roduced  because  of 
dill'erent  ha  nlw  are  elements  considered.  The  lirsl  unit  cost  set  of  numbers  is  not 
additive  to  the  recurring  unit  costs,  since  the  latter  starts  with  the  lirsl  unit.  The 
estimate  ol  lirsl  unit  cost  provides  the  basis  for  projectin'!,  production  costs,  ’this 
is  reflected  in  the  nature  of  the  t'KRs.  Category  _a_C  lilts  use  hardware  characteristic 
to  estimate  costs.  Category  _b  CT  Its  consist  merely  of  the  equalional  forms  used  to 
project  the  cost  of  production  quantities 

As  can  be  seen  from  Table  if,  the  other  dimension  to  the  CKR  requirement  is  the 
hardware  element  estimated.  The  original  set  of  CKICs  was  develojxjd  for  the 
horizontal  stabilizer.  These  were  extended  to  the  remaining  elements  of  aero- 
dynamic surfaces,  the  wing  and  vertical  stabilizer,  with  no  significant  changes  to 
the  basic  CKR  forms,  extension  to  the  fuselage,  nacelle,  and  landing  gear,  ac- 
complished since  the  interim  report , involved  some  changes.  The  reasons  for 
these  are  discussed  in  Section  3. 

Nonrecurring  design  and  development  CKRs  cover  primarily  engineering,  tooling, 
manufacturing  support  and  quality  control.  They  are  effected  at  the  subsystem 
level  of  detail  rather  than  the  detailed  level  used  for  manufacturing  costs. 

d he  Recurring  Airframe  Production  Costs  Summary  pro'  ides  CKRs  to  summarize 
manufacturing  costs  and  a set  of  CKRs  for  Sustaining  Kngineering  and  Sustaining 
Tooling.  Estimates  are  provided  for  three  alternative  unit  quantities:  RIH'NK  quan- 
tities and  two  alternative  production  quantities,  i figure  Ilf  shows  only  one  pro- 
duction quantity  based  on  the  test  ease.i 

The  complete  set  ol  CKRs  is  summarized  in  Appendix  A together  with  cost  definitions 
The  complete  set  is  also  discussed  in  Volume  11  from  the  standpoint  of  the  CKR  form, 
its  related  inputs,  and  die  sources  of  these  inputs. 

2.2.  4.  1 first  Knit  Manufacturing  Costs,  figure  2\  is  marked  to  identify  in  terms 
of  output,  the  basic  CKR  forms  used  to  estimate  manufacturing  first  unit  cost.  The 
vertical  stabilizer  is  used  in  the  example  so  that  a comparison  to  figure  !)  c;ui  be 
nmde  to  give  an  idea  of  the  difference  in  secondary  structure  components  between 
hardware  elements. 


The  ('Fits  used  lo  estimate  detail  t :il » rifnt itm  ;md  subassembly  labor  hours  are  based 
on  a cost iny  eoneepl  that  predominates  the  manufacturing  first  unit  ('lilts.  This 
( meupi  is  illustrated  in  Figure  L’L!  It  is  applied  to  both  primary  and  secondary 
st  ruetu re 


The  concept  relies  on  a CFK  dial  relates  the  results  ol'  a definition  ol  a given  hard- 
ware element  in  terms  of  its  size  and  relative  complexity  ol  manulaclure.  The 
analysis  leading  to  the  definition  of  size  is  pei  formed  by  various  design  and  weight 
svnthesis  programs  Size  is  usually,  but  not  nlwa\s,  defined  in  terms  of  weight. 

( ' o in  pi  t • \ it  \ is  defined  in  terms  of  type  of  material  and  type  of  construction  and  is 
symbolized  by  a numerical  complexity  factor.  In  the  ease  of  primary  structure, 
the  (T.H  develops  a complexity  weighting  according  to  the  mix  of  types  of  construction 
and  or  material  and  uses  this  as  a multiplier  of  a baseline  eosi  per  pound  coeffici- 
ent then  scales  this  product  against  the  weight  of  the  component  using  a baseline 
scaling  exponent.  Historical  cost  data  is  used  in  developing  the  baseline  cost  per 
pound  and  in  establishing  that  the  scaling  exixmcnl  can  be  considered  a constant, 

The  I’KH  form  allows  for  consideration  of  three  different  material  or  construction 
tyjies.  In  the  ease  of  secondary  structure,  the  concept  remains  the  same  but  the 
mix  of  types  of  construction  and  material  does  not  frequently  occur  at  the  level  of 
breakdown  of  the  secondary  stiucture  components,  and  the  weighting  of  complexity 
factors  is  not  provided  for. 

One  triuislation  of  this  concept  to  a CKH  form  has  been  illustrated  in  Figure  17, 
which  gives  a specific  CKH  form  cited  to  illustrate  the  basis  for  the  categorization 
of  inputs.  This  form  is  used  to  estimate  detail  fabrication  and  subassembly  labor 
for  ribs,  frames,  spars,  longerons,  anil  covers. 

The  salient  features  of  the  concept  are: 

a The  determination  of  means  of  estimating  suitable  size  parameters, 
b.  The  development  of  standard  definitions  of  type  of  material  and  construction, 
e.  A means  for  developing  quantified  complexity  factors. 

d.  The  use  of  historical  cost  data  lo  develop  baseline  estimating  coefficients. 

e.  The  formulation  of  estimating  relationships  using  the  above  factors. 

T he  estimation  of  size  parameters  in  an  iterative  fashion,  with  consideration  of 
sizing  effects,  is  accomplished  by  means  of  the  supporting  structural  synthesis 
programs,  coupled  with  preliminary  design  ;md  vehicle  sizing  activities.  The 
required  parameters  i.e.  , model  inputs)  can  be  developed  manually  for  a point 
estimate,  however,  Uie  requisite  level  ol  detail  is  not  usually  tui  objective  in  pre- 
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Figure  21.  Vertical  Stabilizer  First  Unit  Cost. 
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SYMBOLIZED 
BY  NUMERICAL 
COMPLEXITY  FACTOR 


design  u it ht ml  llu-  synthesis  programs  . The  support ing  synthesis  programs  are 
discussed  m Sect  ion  V . 


IVtinilions  ol'  material  ajul  const  met  ion  tyjx's,  in  the  ease  of  primary  structure,  are 
based  on  those  used  lor  structural  synthesis  and  weight  estimation.  An  alternative 
would  have  been  the  definition  and  level  of  detaib  used  for  cost  accounting.  In  the 
case  ol  secondary  structure,  detentions  are  based  on  standard  weight  statement 
del  in  it  ions  . 

The  development  ol  complexity  factors  lor  est  i mat  ing  manufacturing  first  unit  cost 
is  discussed  in  Volume  II.  Section  Li . . r> . As  explained,  complexity  factors  were 

dc  eloped  and  summarized  in  a series  of  tables  to  sup]>ort  the  estimating  of  the 
defined  tvpes  ol  material  and  construction.  These  tables  are  included  in  the 
I stimalmg  Handbook,  Section  2.2.  The  data  from  the  series  of  industrial  engineer- 
ing studies  that  served  as  the  basis  for  development  of  these  factors  appears  in 
A P] mmuI i \ (i.  Volume  II.  The  industrial  engineering  estimates  were  based  on  an 
assumed  t i r si  lot  size  of  dll  units.  Average  learning  curve  values  were  determined 
bused  ('it  manufacturing  ex))erience  to  arrive  at  factors  for  determining  the  first 
unit  cost. 

Figure  2d  gives  a sample  of  manufacturing  operations  for  a built-up  web  stiffener 
with  four  ty]x.‘s  ot  materials  showing  the  total  estimated  hours  used  as  ratios  for 
evaluating  the  impact  of  different  types  of  material.  The  complete  set  of  operations 
is  given  in  Appendix  Ci  for  the  various  types  of  construction  covered.  Table  ,‘i 
thews,  as  ;m  example,  a summarization  in  the  form  of  a completed  complexity 
taelor  table. 

Volume  11  (Section  2..‘j.G>  also  describes  the  derivation  of  baseline  estimating 
coefficients.  The  final  contract  presentation,  however,  indicates  the  need  for 
additional  clarification.  The  steps  in  the  procedure  are  outlined  in  Figure  24.  The 
starting  ]xdnt  is  the  historical  cost  data  collected  for  each  type  of  cost  for  a given 
component  of  a hardware  element.  An  example  is  given  in  Figure  2o,  which  shows 
hours  per  pound  against  weight  as  the  size  parameter  for  rib  detailed  fabrication. 
Normalized  data  is  produced  by  adjusting  each  data  point  by  its  corresponding 
complexity.  This  involves  identifying  the  type  of  construction  ;uul  material  repre- 
sented and  dividing  the  data  point  by  the  corresponding  complexity  value.  The  effect 
of  this  process  is  to  normalize  all  data  points  to  the  type  of  construction  mul 
material  to  which  the  complexity  is  referenced.  In  this  example,  it  is  seen  from 
T ble  2 thud  this  is  built-up  web  stiffener  with  aluminum  as  the  material,  represented 
by  a complexity  factor  of  1.0.  Applying  this  process  to  each  of  the  data  points 
results  in  the  adjustments  shown  in  Figure  2G. 

The  next  step  in  the  development  of  the  estimating  coefficient  is  the  fitting  of  a curve 
to  the  data  This  step  is  also  illustrated  in  Figure  2(5.  A basic  assumption  is  made 
at  this  point:  that  the  scaling  of  hours  per  pound  with  weight  is  a constant  of 

1(5 


RIB:  BUILT-UP  WEB  STIFFENER  (SAMPLE  SIZE:  48  x 12  x 2 IN.) 
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Figure  23.  Detailed  Industrial  Engineering  Analysis. 
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Figure  24.  Derivation  of  Estimating  Coefficients. 
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igure  25.  Historical  Cost  Data  - Rib  Detail  Fabrication. 


Figure  26.  Normalized  Data  - Rib  Detail  Fabrication 


determinable  \ alue. 


I bis  assumption  is  based  on  empirical  evidence,  the  results  of  several  independent, 
internal  studies.  The  same  observation  :uui  reported  value  has  occurred  in  external 
studies,  References  a and  G.  Reference  Suites  the  so-called  ARCO  fonnula,  which 
observes  lha.  cost  weight  scaling  is  comparable  to  :in  80fV  learning  curve.  This 
equates  to  an  exjxmcnt  value  of  0.  G7S  in  the  log-linear  equational  form, 

1' 

y a\V 


where 


y Aggregate  cost  in  hours 
a The  cost  at  \V  1 
W - Weight  of  the  components 
b Scaling  exponent 

d’he  empirical  observations  gave  a result  of  0.G7.  ()n  an  hours  per  pound  basis, 
i.e.  , dividing  through  by  W, 

Wb/\V  - \Vb  " \ or  b = -0.33, 

the  slope  shown  in  Figure  2G. 

The  value  of  y/W,  at  the  point  W - 1,  is  the  estimating  coefficient  for  detail  fabri- 
cation labor  for  this  particular  hardware  component.  Similar  plots  of  data  and 
analyse  -,  to  determine  estimating  coefficients  were  performed  for  rib,  spars, 
covers,  frames  and  longerons  for  wing,  horizontal  and  vertical  stabilizers,  and 
fuselage  for  detail  fabrication  and  subassembly  labor.  The  results  are  given  in 
Volume  II  where  they  have  been  interrelated  to  a description  of  CFRs  in  turn 
related  to  the  printouts  of  cost  estimates, 

To  illustrate  the  organization  of  these  estimating  coefficients  in  the  estimating 
method,  Table  15  in  Volume  II  is  reproduced  here  as  Table  4.  This  table  shows 


5.  "Indices  of  Airplane  Production  Efficiency,"  Aircraft  Resources  Control  Office, 
November,  1943. 

6.  "Space  Transport  Cost  Methodology.  " System  Cost  Office,  The  Aerospace 
Corporation,  Contract  No.  F04701-70-C-0059,  August,  1970. 
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Tabic  4.  Cost  Per  Pound  Factors 
illl'.i  Map 
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cost  pci  pound  laetors  lor  detail  lubrication  labor  lor  hardware  components  ol  the 
structural  hardware  elements.  The  model  caul  in  which  the  coefficient  is  used  is 
indicated,  the  value  of  the  estimating  coefficient  is  shown  and  the  location  of  the 
original  data  charts  in  the  appendices  of  Volume  11  is  given.  Curve  fit  lines  have 
mt  been  drawn  or  these  charts  because  significant  changes  may  occur  as  the  result 
ot  the  aei|uisition  oi  additional  data. 

It  should  be  noted  in  connection  with  the  esi  imaling  eoeffio  cuts  that  the  values  given 
are  at  a weight  ol  one  pound.  In  use  they  scale  down  according  to  the  weight  of  the 
comixmenl.  Also  they  represent  first  cut  it  cost,  ;utd  in  making  comparison  to  quotes 
ol  cost  per  pound  figures,  unit  number  sealing  must  also  be  considered. 

lly  reference  to  figure  21,  the  CKRs  to  which  the  costing  concept  described  above 
apply  can  be  seen.  So  far,  only  the  Cf  I!  for  detail  fabrication  hours  for  the  com- 
ponents ol  the  structural  box  has  been  discussed.  The  remaining  CKRs  using  this 
concept  are  discussed  below,  'idle  CKR  for  subassembly  labor  for  these  components 
is  ol  exactly  the  same  form,  only  the  baseline  estimating  coefficient,  and  of  course, 
the  input  variables,  differ.  Comparisons  of  CKRs  can  be  made  by  reference  to 
Appendix  A. 

CKRs  for  detail  fabrication  and  subassembly  hours  for  secondary  structure  follow  a 
form  that  is  the  same  ii:  both  cases,  for  detail  fabrication  this  is: 

K. 

11  Cb  (\VC  )(WD.) 

i ill 

where 

II  Hours  estimated 

i 

Cb  Complexity  factor 

i 

WC  Reference  cost  ixm  pound 

i 

\VD.  Weight  of  component  estimated 

K.  Scaling  ex]x>nent 

for  subassembly,  Cb  becomes  CC,  and  WC  becomes  WK,  and  K becomes  K, 
although  the  same  assumption  of  constant  slope  is  made. 

It  can  be  seen  that  this  form  is  the  same  as  that  for  primary  structure,  except  that 
the  complexity  factor  is  not  handled  as  a weighted  factor.  The  costing  concept  used 
is  exactly  the  same.  Complexity  factors  are  developed  by  analogy,  and  available 
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factors  arc  summarized  in  Tables  lib  anil  lid  in  Volume  11  lor  detail  fabrication  and 
subassembly,  respectively . 

The  explanation  of  the  procedure  for  developing  complexity  factors  relies  on  material 
from  Volume  II.  Figure  27  is  the  first  page  from  Table  25  of  Volume  11  and  shows 
complexity  laclors  for  detail  fabrication  for  aerixlynatnie  surfaces  leading  edges. 

Three  typos  of  data  have  been  used  in  developing  these  factors: 

a . II  istor  ieal  cost  .lata . 

b.  Pro|X)sal  cost  data  . 

c.  SjK'cial  Industrial  Kngineering  analyses. 

The  leading  edge  will  be  used  to  illustrate. 

The  A-X  wing  and  the  A-X  and  VFX  horizontal  stabilizers  represent  proposal  data. 

The  remaining  points  for  aluminum  and  the  B-58  data  point  represent  historical 
data.  The  data  ]X)ints  for  fibreglass  and  boron  aluminum  for  Model  880  and  Model 
090,  representing  simple  ;uid  complex  types  of  leading  edges,  were  developed  by 
Industrial  Kngineering  studios.  An  example  of  litis  data  is  shown  in  Figures  28  and 
29.  A plot  oi  all  data  is  shown  in  Figure  30.  Complexity  factors  are  determined  as 
the  ratio  between  a selected  baseline  estimating  curve  defined  by  the  log-linear  equation 
equation  form  defined  above,  with  CB  1: 

K 

II  (WC)(WD) 

i 

As  before  II.  WC  baseline  cost  per  pound  where  VVD  1,  assuming  the  same  con- 
stant value  tor  F.  In  this  case  the  selected  reference  was  the  A-X  horizontal 
stabilizer.  With  this  as  a reference,  die  baseline  estimating  curve  cum  be  drawn  as 
shown  in  Figure  31.  This  then  provides  the  basis  for  calculating  complexity  factors. 
Before  proceeding  to  Uiat , though,  a word  about  how  the  data  was  plotted  from 
Figures  28  and  29  to  Figure  30. 


The  data  in  these  figures  is  for  combined  detail  fabrication  and  subassembly  for  a 
structure  similar  to  the  Model  880  in  one  case  and  the  Model  990  in  the  other. 

Ksti mated  w'eighls  of  these  structures  are  shown.  At  unit  one,  Figure  28  show's 
hours  per  pound  by  material  as:  aluminum,  10  hours/lb;  fibreglass,  15  hours/lb, 
and  boron  aluminum,  30  hours/lb.  The  ratio  bctw'ccn  fabrication  and  subassembly  is 
approximately  53'<'  and  47f.V , respectively. 
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Figure  27.  Secondary  Structure  Detail  Fabrication  Complexity  Factor  Examples. 


Manhours  (Based  on  Hours  Per  Pound  of  Structure) 


1000 


Weights : 

1 = All  Aluminum  Construction  557? 

2 = Fibreglass  Construction  390^ 

3 «=  Boron  Aluminum  Construction  279^ 


100 


1 10  100 


1000 


Units  Produced 


Notes:  This  is  a simple  structure  assembly  consisting  of  skins,  doublers,  frames, 
and  is  riveted.  The  assembly  is  tapered  from  inboard  to  outboard  in  straight  ele- 
ments. Design  is  similar  to  Convair  880. 

The  aluminum  structure  will  experience  a 78%  leanring  curve.  The  fibreglass 
structure  will  experience  a 88%  learning  curve.  The  Boron  aluminum  structure 
will  experience  a 92%  learning  curve.  The  last  two  flat  curves  are  due  to  require- 
ments for  fixed  cycles  ( cure  A ay-up  ).  Tolerance  limitations  which  result  in  a 
higher  rejection/rework  rate  hence  higher  costs. 

This  assembly  data  is  applicable  to  vertical  and  horizontal  stabilizer  assemblys 
where  no  ram  irusion  or  antenna  provisions  are  included. 

Figure  28.  Wing  Leading  Kdge  Assembly. 
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Manhours  (Based  on  Hours  Per  Pound  of  Structure) 


1000 


Weights : 

1 • All  aluminum  construction,  except  fittings 

2 Fibreglass  construction 

3 - Boron  Aluminum  construction  " 


100 


1 10  100  1000 

Units  Produced 


900" 
630  a 
540/' 


Note:  This  is  a complex  structure  assembly  with  a leading  edge  slat  and  associated 
mechanisms  included.  Similar  to  the  Convair  990  assembly. 


Figure  29.  Wing  Leading  Fdge  Assembly. 


08 


This  gives: 


Alum  ilium  Fibreglass  boron  Aluminum 

Fabrication  ihours/lb)  0.3  8 10 

Component  weights  (lbs)  357  390  279 

These  |xjints  are  plotted  on  Figure  30  and  labeled  1 - al  for  aluminum,  1 - FG  lor 
fibreglass,  etc. 

Figure  29  shows  hours  per  ixnind  by  material  as:  aluminum,  10  hours/lb; 
fibreglass,  20  hours/lb;  boron  aluminum,  30  hours/lb. 

This  gives: 

Aluminum  Fibreglass  Boron  Aluminum 

Fabrication  iliours/lbi  5.3  10.7  16 

Component  weights  (lbs)  900  G30  540 

These  ixiints  are  plotted  on  Figure  30  and  labeled  2 - al,  etc. 

Complexity  factors  are  obtained  by  dividing  a data  point  by  the  reference  line 
values  al  the  same  weight.  The  resulting  complexity  factors  are  shown  in  Figure  27. 
This  procedure  was  applied  to  obtain  factors  for  the  remainder  of  die  secondary 
structure  components  for  subassembly  as  well  as  detail  fabrication. 

The  above  discussion  lias  covered  CERs  for  cost  outputs  labeled  1 and  2 in 
Figure  21.  A third  type  of  CERs  involves  Uiose  for  structural  box  assembly.  For 
cost  modeling  purposes  diis  task  is  defined  as  the  assembly  of  die  components 
making  up  die  structural  box  or  primary  structure  of  the  hardware  element  being 
estimated.  The  CERs  used  relate  to  basic  processes  of  assembly  driven  by 
dimensional  data. 

A series  of  seven  CERs  are  used  for  estimating  structural  box  assembly  (or  as  it  is 
titled,  Basic  Structure  Major  Assembly  Labor).  These  CERs  are  listed  in 
Appendix  A under  the  number  3 for  the  Figure  21  Reference  and  identified  by  the 
Volume  II  cufuation  numbers  of  3,  4,  5,  G,  7,  8,  and  9.  The  set  consists  of  die 
following  factory  labor  representations: 

a.  Transporting  and  Positioning  - Aero  Surfaces  or  Fuselage 

b.  Panel  Fit  and  Trim  - Aerodynamic  Surfaces 

e.  Panel  Fit  and  Trim  - Fuselage 


G1 


(3) 

(4) 

(5) 


d.  Assembly  Clamp  and  Layout  - Aero  .Surfaces  or  Fuselage  (G) 

e.  Hole  Drillin'.  Aero  Surfaces  or  Fuselage  (7) 

f.  Finish  Ojk.' rat  ions  - Aero  Surfaces  or  Fuselage  (8) 

g.  Fastener  Installation  - Aero  Surfaces  or  Fuselage  (9) 


The  same  set  of  equations  are  used  for  aerodynamic  surfaces  and  fuselage.  The 
only  difference  between  b.  and  c.  above  is  in  the  dimensions  that  are  used.  The 
basic  CFR  forms  were  derived  during  the  feasibility  study,  and  the  derivation  was 
reported  in  Reference  1.  Values  for  the  various  costing  factors  have  been  deve- 
loped and  are  reported  in  Volume  11.  As  an  example  of  the  results,  Table  24 
from  Volume  II  is  reproduced  herein  as  Table  5.  The  value  of  the  estimating  factor 
is  shown,  as  well  as  the  location  of  the  back-up  data  and  the  model  card  wherein 
the  factor  is  used.  Inputs  to  this  equation  set  consist  of  the  factors  in  Table  5 
iVol.  11,  Table  24),  factors  for  type  of  fastener  as  provided  in  Table  23,  Volume  II, 
and  inputs  from  the  A PAS  program. 

The  fourth  type  of  CFR,  as  indicated  in  Figure  21,  is  Secondary  Structure  Major 
Assembly  Labor.  These  CFRs  are  listed  in  Appendix  A as  "Figure  21  Reference 
No.  4,"  equations  (12)  and  (13)  for  Aerodynamic  Surfaces  and  (14  and  (13)  for 
Fuselage.  The  CFR  for  the  assembly  task  is  different  in  each  case.  Equations  (12), 
along  wdth  (13),  was  developed  during  the  feasibility  study  and  is  reported  in 
Reference  1.  The  dimensional  aspects  of  this  CFR  were  not  suited  to  the  fuselage 
and  so  eejuation  (14),  based  on  weight  , is  used  for  fuselage  secondary  structure 
major  assembly. 

The  fifth  CFR  grouping  is  for  Structural  Material  for  Primary  Structure,  equation 
(1G).  This  CFR  is  carried  forward  from  the  feasibility  study  but  expanded  to 
provide  lor  consideration  of  three  different  types  of  material  or  construction  in  a 
given  design  to  parallel  that  capability  in  the  labor  CFR.  The  idea  of  a scaling 
of  material  cost  with  w'eight  is  based  on  empirical  evidence,  for  example, 

Appendix  H,  Figure  11-2,  Volume  II. 

The  sixth  CFR  grouping  identified  in  Figure  21  is  for  Structural  Material  for 
Secondary  Structure,  equation  (17).  This  CFR  is  of  exactly  the  same  form  as  the 
one  above  except  that,  paralleling  the  labor  CFR  for  secondary  structure,  only 
one  tyj)e  of  material  and  construction  is  handled. 

CFR  types  7 and  8 for  Basic  Structure  and  Component  Assembly  Material,  equations 
(18)  and  (19)  are  each  of  the  same  form.  They  are  based  on  labor  hour  factors, 
modified  by  the  fastener  type  and  related  to  the  corresponding  labor  hours. 

CFR  type  9,  equation  (15),  simply  represents  the  application  of  a percentage  factor 
to  the  proceeding  labor  subtotal.  Type  10  and  11  arc  also  percentage  factor 
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Table  5.  Structural  Box  and  Basic  Structure  Major  Assembly  Factors 
Map  and  Factor  Values. 
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applications.  The  first  is  equation  (20)  for  Primary  Assembly  Hours  as  defined  in 
Apixaidix  A.  The  second  is  eifiiation  (21)  for  Major  Mate  Hours  also  defined  in 
Appendix  A . 

2.  2. -1.2  lUvurring  Production  Costs.  Figure  22  is  marked  to  identify  in  terms  of 
output,  the  groupings  ol  CKK  forms  used  to  estimate  recurring  production  costs 
The  explanation  is  simple  since  only  two  types  are  involved,  aside  from  the  appli- 
cation of  labor  rates  to  convert  hours  to  dollars,  which  is  excluded.  The  forms 
are: 


a.  A log-linear  unit  learning  curve  projection. 

1).  A percentage  factor  application  or  cost-on-cost  form. 

The  first,  shown  in  Appendix  A,  liquation  (22),  is  of  the  following  form: 

7 

For  each  unit  in  the  series  : 


b 

V. 

i 

a x 

i 

where 

V. 
‘ i 

..  , th 

cost  ol  the  i—  emit 

X 

l 

cumulative  unit  number 

a 

- cost  of  the  first  article 

b 

slope 

For  the  summation  of  emits: 


n 


7.  <J.  W.  Noah  and  K.  W.  Smith,  Cost-CJuantity  Calculator,  RM -2786 -PR, 

Hand  Corp.  , January  1GG2. 
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B\  del  in  it  inn,  the  learning  curve  is  expressed  ns  n decimal  percentage  meeting  the 
following  conditio!'. : 


S 


1) 

a x 


b 

2,oi' 


where 

S the  decimal  percentage 

Equation  (221  may  be  used  for  segmented  learning  curves  if  synthetic  first  unit  costs 
are  calculated  external  to  the  model. 


The  second  form  is  the  same  as  equations  (15),  (20)  and  (21). 

2.  2.  4.3  Nonrecurring  Design  and  Development  Costs.  Figure  33  is  marked  to 
identify  the  CER  groupings  used  to  estimate  nonrecurring  design  and  development 
costs.  In  this  categorization  as  before,  summations,  as  of  previously  estimated 
hours,  and  the  conversion  of  hours  to  dollars  are  omitted.  The  CER  forms  that  are 
referred  for  each  grouping  arc  numbered  and  described  in  Appendix  A. 

Basic  .Structure  Design  Engineering  Hours 

The  first  CER  form  is  basal  on  Equation  (23)  as  shown  and  defined  in  Appendix  A. 

It  is: 


DEII. 


l 


EH  (WAMPR  ) 
i i 


EE 


where 


DEII. 


The  scries  of  engineering  hours  by  hardware  element. 


Eli 


Empirically  derived  estimating  coefficient  by  hardware  element. 


WAMPR. 


l 


AM  PR  weight  of  the  hardware  element  being  estimated. 


EE 


Scaling  exponent  of  engineering  hours  to  weight. 


The.  data  from  which  this  CER  form  Is  derived  is  included  in  Appendix  1,  Volume  II, 
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Figure  33.  Nonrecurring  Design  and  Development  Costs. 


1 igures  1-1  through  1-0.  Figure  i-1  is  re])rodueed  here  as  Figure  84  for  Uie  purpose 
of  il luslruticm.  The  hardware  elements  covered  are  the  same  as  for  nnmufacturing. 

'l  lie  estimating  coefficient  is  the  value  of  DKI1  where  WAMI’R  1 lb  on  the  projection 
of  a ' Test  fit"  curve.  A constant  scaling  exjxmcnt  is  tentatively  assumed. 

The  present  form  of  the  CKK  does  not  provide  for  complexity.  Consideration  was 
given  to  redefining  the  best  fit  curve  as  a reference  and  modifying  FI  I by  a complexity 
factor.  Two  problems  were  evident:  the  paucity  of  data  and  the  fact  that  relation- 
ships do  not  suggest  themselves  in  the  case  of  design  engineering.  A format  has 
been  established  for  further  cost  data  collection  to  improve  the  first  situation  :uid  to 
provide  for  additional  data  analyses  to  attempt  to  quantify  complexify.  Alternate 
values  of  FI  I c;ui  lx1  introduced  based  on  analogy  to  the  given  data  points. 

Configuration  Design  engineering  Hours 

This  CFR  form  is  based  on  liquation  (25)  and  consists  simply  of  the  application  of  a 
percentage  factor  to  the  basic  structure  design  engineering  hours.  The  factor  is 
based  on  historical  data  given  in  Volume  tl,  Appendix  I. 


engineering  Material 


The  third  CFH  form  is  again  a eost-on-cost  percentage  factor.  A value  of  0. 15 
based  on  available  cost  histories  is  programmed  into  the  present  model. 

Basic  Tool  Manufacturing  Hours 

CFH  form  4 is  based  on  equation  (28)  defined  in  Appendix  A.  It  is  of  the  following 
fo  rm : 


1 IT  Mil 


i 


TMF  (WA.MPR 
i i 


FT 


where 


BTMII,  - Basic  tool  manufacturing  hours  by  hardware  clement. 


T MF 


empirical  estimating  coefficient  by  hardware  element. 


FT 


Scaling  exponent  of  tool  manufacturing  hours  to  weight. 


The  back-up  data  for  this  CFH  derivation  is  included  in  Appendix  I,  Volume  K, 
Figures  1-7  through  1-11.  Figure  1-7  is  reproduced  as  Figure  85  to  illustrate  the 
discussion.  This  equation  is  the  same  in  form  as  Equation  (23)  for  engineering. 

The  term  TMF  is  handled  differently  from  the  term  EH.  A rationale  for  complexity 
variations  is  discernible  in  the  case  of  tool  manufacturing.  This  is  illustrated  in 
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Engineering  Direct  Labor  Hours  (To  let  Flight) 
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l - 
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Figure  34.  Wing  Engineering  Cost  Estimating  Relationship. 
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Basic  Tool  Manufacturing  Direct  Labor  Hours 


© B-58 


100  1,000  10,000 

Weight  (Pounds) 


Figure  35.  Wing  Tool  Manufacturing  Cost  Estimating  Relationship. 
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Table  6 (Table  40,  Volume  II).  This  table  is  baselined  to  the  data  plotted  in  Figure 
1-7  through  I— 11  (Volume  II)  by  defining  the  best  fit  curve  as  "regular  supersonic" 
with  a "complexity  factor"  of  1. 0.  Complexity  is  built  into  the  table  as  indicated  by 
the  values  given  in  the  complexity  column.  This  matrix  is  subject  to  verification  as 
data  is  accrued. 

Rate  Tool  Manufacturing  Hours 

This  fifth  form  is  based  on  Equation  29  as  defined  in  Appendix  A.  The  form  of  this 
CER  is  suggested  by  Rand  Corporation  studies,  Reference  8.  The  value  of  the 
production  rate  exponent,  ER,  has  been  adjusted  based  on  contractor  experience. 
Also,  some  ambiguity  occurs  in  attempting  to  define  abase  for  a one-unit  per  month 
production  rate. 

Basic  Tool  Engineering  Hours 

Form  6 is  based  on  talcing  a percentage  factor  of  basic  tool  manufacturing  hours. 

Rate  Tool  Engineering  Hours 

Form  7 is  based  on  talcing  a percentage  factor  of  rate  tool  manufacturing  hours. 
Manufacturing  Development  and  Plant  Engineering  Hours 

The  eighth  CER  form,  as  indicated  in  Figure  33,  is  based  on  a percentage  factor: 
the  rates  of  manufacturing  development  and  plant  engineering  to  total  tool  manufactu- 
ring hours. 

Tooling  Material  and  Other  Dollar  Costs 

CER  form  9 is  a cost-on-cost  form:  a per  hour  allowance  on  total  tool  manufacturing 
hours. 

Manufacturing  Support  Dollar  Costs 

CER  form  10  is  based  on  a percentage  factor  based  on  manufacturing  experience. 


8. 


G.  S.  Lcvenson  and  S.  M.  Barro,  Cost  Estimating  Relationship  for  Aire t ait 
Airframe,  RM-4845-PR,  Rand  Corp. , December  1965. 


Quality  Control  Hours 


CER  form  11  is  based  on  talcing  a percentage  of  the  configuration  design  engineering 
hours  plus  a percentage  of  total  tool  manufacturing  hours. 

2.  2.  4.  4 Recurring  Airframe  Production  Costs  (Summary).  Figure  36  identifies  the 
CER  groupings  used  to  provide  the  recurring  airframe  production  cost  summary. 

It  is  based  on  test  case  results  in  which  only  one  production  quantity  is  involved. 

The  calculations  are  the  same  for  each  quantity  so  only  one  needs  to  be  explained. 
The  first,  RDT&E,  is  used.  Again  the  process  of  converting  from  hours  to  dollars 
is  omitted.  The  reference  to  equation  numbers  is  from  Appendix  A,  which  gives  a 
listing  of  CERs,  their  form  and  definition.  Sustaining  engineering  hours,  sustaining 
tooling  hours  and  primary  assembly  and  major  mate  material  are  items  of  cost 
that  are  introduced  for  the  first  time.  As  indicated  in  Figure  36,  six  different  CER 
forms  are  involved: 


Sustaining  Engineering  and  Tooling  Hours 

These  two  CER  forms  are  taken  from  the  Rand  methodology,  Reference  8.  This 
approach  agrees  reasonably  well  with  contractor  data. 

Manufacturing  Summary;  Detail  Fabrication,  Subassembly  and  Assembly  Labor  and 
Material  Cost 


This  CER  form  is  used  to  provide  a summarization  for  each  hardware  element  for 
each  of  the  above  cost  categories.  These  three  types  of  cost  are  handled  in  the  same 
way  as  described  for  the  progress  curve  projection  procedure  used  for  recurring 
production  costs  for  structural  elements,  except  that  for  RDT&E  imits  the  following 
equation  is  used. 


P2 


Cost  estimated  = PI 


x 

U. 

i 


i = 1 


where 


PI  = First  unit  cost 

P2  = The  number  of  RDT&E  Units 

U = Unit  number 


x 


In  P3 
In  2 


and 


P3  = Learning  expressed  as  a decimal  fraction 
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Figure  -3G.  Recurring  Airframe  Production  Costs  (Summary). 


The  estimates  for  each  hardware  element  are  summed  to  give  an  appropriate  labor  or 
dollar  total. 

Primary  Assembly  and  Major  Mate  Hours  Quality  Control  Hours 

These  are  identified  as  forms  4 and  5 on  Figure  3G.  Each  is  a summarization  of  a 
previously  estimated  set  of  hours  with  the  application  of  a percentage  factor. 

Primary  Assembly  and  Major  Mate  Material 

CER  form  G supplies  an  estimate  of  production  material  for  support  of  primary 
assembly  and  major  mate  as  related  to  individual  hardware  elements.  The  estimate 
is  made  as  a percentage  of  structural  material. 

2.3  DEVELOPMENT  OF  THE  FUSELAGE -NACELLE -LANDING  GEAR  MODULE 

Study  activity  since  the  interim  report  has  been  primarily  concerned  with  extension 
of  the  estimating  method  into  the  areas  of  the  fuselage,  nacelles  and  landing  gear, 
with  whatever  modifications  that  were  necessary  for  such  extension.  Activity 
included  the  following  items  for  fuselage  and  the  other  structure: 

a.  Development  of  additional  cost  data. 

b.  Derivation  of  first-unit  and  nonrecurring  CERs. 

c.  Development  of  complexity  factors. 

d.  Development  of  baseline  estimating  coefficients. 

e.  Development  of  appropriate  supporting  structural  and  weight  synthesis  programs 

f.  Development,  of  cost  estimating  methodology  for  other  basic  structure: 
nacelles  and  landing  gears. 

g.  Modifications  to  the  cost  model  computer  program. 

h.  The  estimating  of  test  cases. 

This  section  of  the  report  provides  a statement  of  the  approach  to  that  portion  of  the 
study.  Other  sections  of  the  report  include  tire  results  of  this  activity  since  they 
discuss  the  total  methodology.  In  the  sections  above  all  aspects  of  the  method  were 
described.  In  the  sections  that  follow  this  is  also  true.  The  cost  model  computer 
program  describes  the  entire  program  including  the  fuselage  routines.  The  section 
on  design  synthesis  and  weight  analysis  supporting  programs  provides  a discussion 
of  each  of  the  programs  involved.  The  method  demonstration  is  also,  of  course, 
related  to  the  entire  method. 
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2.3.  1 DEVELOPMENT  OF  FUSELAGE  COST  DATA.  The  total  data  sample  from 
which  fuselage  cost  data  was  collected  and  analyzed  consisted  of  the  following 
aircraft: 

K-lllA  VSX  (Estimated) 

13-58  A-5A 

AX  (Estimated)  T-2A 

E-10G 
F-102 


F-106  and  F-102  data  availability  was  limited  to  production  data.  B-l,  747  and  F-5E 
data,  which  were  expected  to  become  availabel  from  various  Air  Force  Studies, 
have  not  yet  become  available.  DC -10  data  has  not  been  cleared  contractually  lor 
unlimited  distribution.  The  possibility  of  obtaining  C-141  and  C-5  fuselage  cost  data 
from  Air  Force  sources  has  not  been  developed.  F-111A  data  consisted  primarily  of 
elements  of  the  structure  subcontracted  to  the  Convair  Division. 

in  addition  to  the  available  data,  the  results  of  special  industrial  engineering  studies 
were  utilized.  These  involved  investigations  of  secondary  structure  components  on 
the  basis  of  a substitution  of  materials  and  determining  the  expected  impact  on  cost. 
The  results  of  these  studies 'appears  in  Appendix  G,  Volume  II,  together  with 
similar  data  for  aerodynamic  surfaces. 

2.3.2  DERIVATION  OF  COST  ESTIMATING  RELATIONSHIPS.  In  the  extension  of 
method  to  the  fuselage,  nacelle  and  landing  gear,  as  much  of  the  aerodynamics 
surfaces  methodology  was  retained  as  was  possible,  hi  certain  instances  changes 
were  indicated,  however.  The  following  is  a review  of  the  CER  structure  indicating 
differences  that  arose.  (Equation  numbers  are  referenced  to  Appendix  A) 

First  Unit  Cost 

Equations  (1)  and  (2)  for  detail  fabrication  and  subassembly  labor  were  considered  to 
be  equally  applicable  to  ribs,  frames,  spars,  longerons  and  covers,  hi  the  series  of 
equations  for  basic  structure  major  assembly  labor,  equations  (3)  through  (9),  one 
equation  required  modification  for  estimating  fuselage  structure  but  this  was  merely 
to  redefine  inputs.  In  each  case  the  computer  program  handles  the  matter  of 
counting  items  of  structure,  e.g. , right  and  left  wing  as  opposed  to  only  one  fuselage. 
Equations  (10)  and  (11)  for  detail  fabrication  and  subassembly  are  used  without  change 

The  CERs  for  component  major  assembly  labor  required  modification.  Equation  (13) 
is  used  throughout  bul  equation  (12)  is  replaced  by  equation  (14)  for  the  fuselage  (also 
the  nacelle  and  landing  gear).  A suitable  relationship  to  dimensional  data  could  not 
be  found  in  the  case  of  the  fuselage,  and  a CER  based  on  weight  was  substituted. 
Structural  material  cost  CERs  for  primary  and  secondary  structure  are  used 
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throughout.  This  is  also  true  of  basic  structure  and  component  assembly  material 
cost  and  primary  assembly  and  major  mate. 

Recurring  Production  Costs  by  Structural  Element 

Since  this  series  of  estimates  involves  only  the  process  of  learning  curve  projection, 
application  to  fuselage  components  introduced  no  changes. 

Nonrecurring  Design  and  Development 

This  category  involves  basic  structure  design  engineering  hours,  configuration  design 
engineering  hours,  engineering  material,  basic  tool  manufacturing  hours,  basic 
tool  "ineering  hours,  quality  control,  and  other  support  activities  estimated  at  the 
subsystem  level.  The  applicable  equation  are  equations  (23)  through  (39).  (Note 
that  those  equations  not  mentioned  in  Appaidix  A are  covered  in  Volume  II.)  No 
change  in  CER  forms  were  involved,  however,  some  CERs  required  the  collection  of 
additional  data  and  the  developmait  of  estimating  coefficients.  These  were: 

a.  Basic  structure  design  engineering  hours 

b.  Configuration  design  engineering  hours 

c.  Basic  tool  manufacturing  hours 

Data  collected  for  each  is  shown  in  Appendix  I of  Volume  II. 

Recurring  Airframe  Production  Costs  (Summary) 

This  category  includes  equations  (40)  through  (45).  No  change  in  CER  forms  were 
involved. 

2.3.3  DEVELOPMENT  OF  COMPLEXITY  FACTORS.  Additional  complexity  factor 
tables  were  developed  for  the  expanded  method  for  primary  and  secondary  structure. 
For  primary  structure,  these  are  Tables  10,  12,  and  14  (in  Volume  II)  for  detail 
fabrication  and  Tables  D , 19,  and  21  for  subassembly.  For  secondary  structure, 
all  factors  are  combined  in  Table  25  for  detail  fabrication  and  Table  26  for  sub- 
assembly.  Development  of  complexity  factors  was  accomplished  in  the  manner 
described  in  Section  2.  2.  4. 1.  In  the  case  of  the  fuselage,  complexity  factor  deve- 
lopment, in  some  cases,  involved  proprietary  data  that  is  not  reproduced. 

2.3.4  DEVELOPMENT  OF  BASELINE  ESTIMATING  COEFFICIENTS.  The  deve- 
lopment of  baseline  estimating  coefficients  was  also  handled  in  the  same  manner  as 
was  described  in  Section  2.2.  4. 1.  Data  collected  is  shown  in  Appendix  F of  Volume  II. 
Baseline  factors  are  located  and  referenced  in  the  same  manner  as  hi  the  previous 
method.  Back-up  data  for  fuselage  factors  are  not  as  extensive  as  for  aerodynamic 
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factors  in  the  contractor's  data  base.  Where  data  was  lacking,  estimates  were  made 
by  analogy.  The  method  does  seek  to  identify  the  data  collection  format  for  future 
reference. 

2.3.5  DEV  ELQPMENT  OF  SUPPORTING  STRUCTURAL  AND  WEIGHT  SYNTHESIS 
PROGRAMS.  As  can  be  seen  from  Figure  20,  Input  Development,  technical  inputs 
as  opposed  to  costing  factors  are  obtained  primarily  from  the  so-called  supporting 
synthesis  programs.  These  sources  are  as  follows: 

a.  Dimensional  data  from  the  APAS  program. 

b.  Estimates  of  primary  structure  weights  using  APAS  theoretical  weights  and 
applying  weight  correlation  factors. 

c.  Estimates  of  secondary  structure  weights  obtained  from  the  secondary  structure 
synthesis  and  weight  analysis  program. 

d.  The  program  for  development  of  aircraft  fuselage,  nacelle,  and  landing  gear 
weights. 

The  dimensional  data  are  for  the  most  part  throughput  data  to  the  APAS  program. 

The  second  and  third  items  were  developed  in  connection  with  the  aerodynamic 
surfaces  and  are  discussed  in  Volume  II  of  Reference  2.  The  fourth  item  was 
developed  to  support  the  extension  of  method  to  the  fuselage,  nacelles,  and  landing 
gears.  Section  V of  this  report  is  devoted  to  a discussion  of  these  programs:  a 
summary  in  the  case  of  the  first  two  and  a detailed  description  (by  means  of 
Appendix  C)  in  the  case  of  the  latter.  A study  of  finite  element  synthesis  as  a 
substitute  for  the  APAS  program  is  also  discussed. 

2.3.0  NACELLE  AND  LAjjDjNG  GEAR  DEVELOPMENT.  The  extension  of  the 
estimating  method  to  the  nacelle  and  landing  gear  presented  additional  problems, 
hr  the  first  place,  neither  involves  what  for  the  purposes  of  this  study  has  been 
classified  as  primary  structure.  The  breakdown  of  components  used  for  estimating 
purposes  consists  of  the  following  structural  elements: 

Nacelles 


Nacelle  structure  and  covers 
Pylons 

Main  landing  gear  door 
Landing  Gear 


Brakes 

Brake  controls 
Wheels 
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Tires 

Oleos 

Axles,  trunnions,  and  fittings 
Drag  braces 


Very  little  cost  data  was  available  for  these  breakdowns.  First  unit  cost  CERs  for 
primary  structure  excluded  both  items.  Secondary  structure  estimates  were  made 
in  the  same  manner  as  for  other  structural  elements.  Methodology  for  estimating 
nonrecurring  costs  was  simply  an  extension  of  the  previously  developed  method. 

2.3.7  COST  MODEL  COMPUTER  PROGRAM  MODIFICATIONS.  The  final  resulting 
cost  model  computer  program  is  described  and  discussed  in.  Section  IV.  Addition  of 
the  fuselage,  nacelle,  landing  gear  capability  required  several  modifications  to  the 
program  created  for  aerodynamic  surfaces.  The  program  was,  of  course,  expanded 
by  the  addition  of  elements.  A major  expansion  was  undertaken  to  add  the  capability 
for  applying  learning  curves  at  the  component  level  of  detail.  Several  format 
improvements  were  introduced. 

2.3.8  ESTIMATING  TEST  CASES.  The  B-58,  A(X)  and  Model  880  fuselages  wete 
run  as  test  cases  in  the  development  of  the  fuselage  module.  A series  of  APAS  mns 
was  made  to  provide  the  input  data  for  the  fuselage,  nacelle  and  landing  gear  weights 
program,  which  was  in  turn  run  to  provide  weights  data.  Test  case  inputs  and  out- 
puts for  this  program  are  shown  in  Appendix  C.  Resulting  cost  estimates  were 
analyzed  and  used  in  evaluating  baseline  cost  estimating  factors.  The  computer 
printouts  obtained  are  not  reproduced  in  this  report,  but  have  been  retained.  These 
results  are  not  particularly  of  current  interest  because  of  changes  that  have  occurred 
both  in  the  program  and  in  the  estimating  coefficients. 

2.4  FUTURE  DEVELOPMENTS 

An  assessment  of  the  potential  for  further  development  of  the  method  has  resulted 
from  the  study.  Several  additional  studies  suggest  themselves: 

a.  Extension  of  the  cost  data  base  (!)  to  provide  data  for  missing  components  and 
(2)  to  extend  the  data  base  into  advanced  type  structures. 

b.  Further  test  and  evaluation  of  the  method  for  further  familiarization  and  to 
eliminate  program  discrepancies. 

c.  Improvements  in  certain  specific  cost  estimating  relationships  in  the  areas 

of  raw  material  costs,  assembly  modeling,  commonality,  and  the  treatment  of 
advanced  structures  and  composites. 
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d. 


Modification  of  the  estimating  logic  to  provide  for  determining  the  sensitivity 
of  recurring  cost  to  production  rate. 


c.  Development  of  data  to  show  variation  in  learning  due  to  type  of  material  and 
type  of  construction. 

f.  Incorporation  of  additional  calculations  to  provide  a readout  of  the  dollars/lb. 
and  hours/lb.  implication  of  a given  estimate. 

g.  Performance  of  additional  estimating  runs  using  the  updated  method  to  further 
calibrate  estimating  coefficients  and  to  evaluate  estimating  capability. 

h.  Operation  of  the  cost  model  in  conjunction  with  supporting  synthesis  programs 
to  establish  guidelines  for  using  the  combined  programs  in  design-to-cost 
trade-off  studies. 

A cost  data  collection  format  has  been  established,  and  a number  of  ongoing  studies 
arising  out  of  the  Air  Force  Flight  Dynamics  Laboratory's  sponsorship  of  Advanced 
Development  Program  warrant  monitoring.  Continuing  literature  review  and  an 
interchange  of  data  with  other  contractors  are  also  possible  sources  of  additional 
data. 

This  cost  model  has  oeen  developed  in  response  to  a recognised  need  for  a cost 
model  that  was  sensitive  to  variations  in  the  materials  and  type  of  construction  in 
a particular  design.  The  need  was  in  relation  to  trade  studies  to  evaluate  the 
impact  on  cost  of  using  advanced  technologies  in  structure  and  materials.  More 
recently  the  Design-To  -Cost  approach  in  the  acquisition  of  new  weapon  systems 
has  increased  the  need  for  models  of  this  type.  The  additional  developments  outlinec 
above,  including  the  experience  gained  from  use,  will  greatly  enhance  the  program. 
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SECTION  III 


AIRFRAME  SYSTEM  COST  ESTIMATING  METHOD 

The  rationale  for  having  both  a trade  study  and  a system  cost  estimating  method  and 
the  preliminary  design  applications  visualized  have  been  described  in  the  previous 
sections.  This  section  describes  the  system  cost  estimating  method  and  its  operation. 
The  development  of  the  system  cost  estimating  method  has  been  accomplished  sub- 
sequent to  the  Interim  Report.  Limited  study  resources  have  been  assigned  to  this 
task  since  primary  emphasis  has  been  given  to  development  of  the  trade  study 
methodology.  The  results  of  Independent  Research  and  Development  has  been  used 
in  the  development  of  the  method,  in  particular  References  9,  10,  and  11. 

The  difference  between  the  two  methods  in  hardware  elements  covered  is  illustrated 
in  Figure  37.  This  also  illustrates  the  difference  in  meaning  ascribed  to  the  term 
"airframe"  when  used  with  respect  to  each  method. 

3.1  METHOD  DESCRIPTION 

A How  diagram  of  the  system  cost  estimating  method  is  shown  in  Figure  38.  The 
basic  elements  of  this  method  are  essentially  the  same  as  was  shown  in  Figure  8 for 
the  trade  study  method.  With  changes  indicated  these  are: 

a.  Costs  estimated  (cost  output). 

b.  CER  structure  (estimating  logic). 

c.  Inputs  and  input  organization. 

d.  Input  sources  (input  development). 


9.  R.  E.  Kenyon  and  R.  J.  Reid,  "Aircraft  Cost  Estimating  Relationship  Improve- 
ments, Construction  and  Material  Effect  and  New  Data,  " GDC-ERR-1 333, 
Convair  Aerospace  Division  of  General  Dynamics,  January  1972. 

10.  R.  E.  Kenyon  and  J . M.  Youngs,  "Airframe  Structure  Cost  Estimating  Relation- 
ships and  Expanded  Cost  Data  Base,  " CASD-ERR-73-059,  Convair  Aerospace 
Division  of  General  Dynamics,  December  1973. 

11.  R.  E.  Kenyon  and  J . M.  Youngs,  "Airframe  Structure  Cost  Estimating  Relation- 
ships, " CASD-ERR-74-005,  General  Dynamics,  Convai r Division,  December 
1974. 
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WORK  BREAKDOWN 
STRUCTURE 

TRADE 

STUDY 

COSTING 

SYSTEM 

COSTING 

AIRFRAME 

Wing 

X 

X 

Horizontal  Stabilizer 

X 

X 

Vertical  Stabilizer 

X 

X 

Fuselage 

X 

X 

Nacelles 

X 

X 

Landing  Gear 

X 

X 

Surface  Controls 

X 

Fuel  System 

X 

Furnishings  & Equipment 

X 

Environmental  Control 

X 

Hydraulics/Pneumatics 

X 

Electrical/Electronics 

X 

Instruments 

X 

Auxiliary  Power 

X 

Engine- Associated  Equipment 

X 

Avionics  Installation 

X 

Airframe  Assembly 

X 

X 

Figure  37.  Trade  Study  versus  Systems  Costing  WBS  Inclusions. 
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Figure  38.  System  Cost  Estimating  Method. 


3.1.1  COSTS  ESTIMATED.  Costs  are  estimated  in  the  categories  of. 


a.  Nonrecurring  Design  and  Development  Costs. 

b.  First  Unit  Manufacturing  Costs. 

e.  Recurring  Airframe  Production  Costs. 

The  breakdown  by  aircraft  subsystems  is  illustrated  in  Figure  39.  Recurring  air- 
frame production  costs  use  the  same  breakdown  as  first  unit  costs.  The  cost  output 
formats  arc  illustrated  in  Figures  40,  41,  and  42.  The  CERs  used  to  produce  these 
estimates  are  defined  in  the  following  section. 

3.1.2  CER  STRUCTURE.  Cost  definitions,  CER  forms,  and  inputs  ancl  input 
organization  were  described  in  Section  3 of  Volume  II.  For  completeness  and  ease 
of  reference  a list  of  the  various  CER  forms  used  is  also  included  in  this  volume  as 


Engineering 
Direct  Labor 

Toof  Mfg. 
Direct  Labor 

Manufacturing 
First  Unit  Cost 

Structural  Subsystems 

Wing 

X 

X 

X 

Horizontal  Stabilizer 

X 

X 

X 

Vertical  Stabilizer 

X 

X 

X 

Fuselage 

X 

X 

X 

Nacelles 

X 

X 

X 

Landing  Gear 

X 

\ 

X 

Functional  Subsystems 

! 

Surface  Controls 

X 

1 

X 

Environmental  Control  System 

X 

1 

X 

Hydraulics/ Pneumatics 

X 

1 

X 

Electrical/  Electronic? 

X 

( 

X 

Instruments 

X 

x > Other 

X 

Auxiliary  Power 

X 

[ 

X 

Armament  Provisions 

X 

l 

X 

Engine  Associated  Equipment 

X 

1 

X 

Fuel  System 

X 

J 

X 

Avionics  Provisions 

X 

X 

Furnishings  and  Equipment 

X 

/ 

X 

Support  Engineering 

X 

Figure  39.  Airframe  System  Cost  Estimating  Structure. 
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Figure  40.  System  Cost  Estimating  - Non  recur  rin 
Design  and  Development  Costs. 
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Figure  40.  System  Cost  Estimating  - Nonrecurring 
Design  and  Development  Costs  (Contd.  ). 
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Figure  42.  Recurring  Ai rframe  Production  Costs. 


Apjx*ndix  B.  The  derivation  of  these  CKIhs  is  discussed  in  Section  a . 2 below.  rl  he 
total  (’I  K structure  consists  ol  these  t’KH  forms  expanded  by  the  insertion  of  the 
appropriate  estimating  parameter(s)  and  cost  estimating  coefficients.  The  total 
structure  then  corresponds  to  the  items  of  the  computer  printout.  This  corresjxm- 
denee  has  been  defined  in  Volume  11.  'i'o  illustrate,  take  the  example  of  Equation  (U 
.from  Appendix  lit  for  basic  Structure  Dcsigp  Knginecring,  as  shown  in  Figure  43. 
(This  figure  is  also  used  to  illustrate  the  discussion  of  inputs  and  input  organization. 
Kaeh  term  of  the  basic  equation  represents  a series  of  inputs  corresponding  to  the 
index  numbers  for  the  structural  elements  estimated. 

The  correspondence  between  (’Kits  and  cost  output  is  shown  i;  Table  7 (Table  42 
from  Volume  11)  for  nonrecurring  design  and  development  cost.  This  category 
accounts  for  most  of  the  (’Kit  forms  used.  Table  7 is  arranged  in  the  same  manner 
as  the  computer  printout,  and  the  referenced  equation  numbers  can  be  related  to 
outputs.  This  table  provides  one  additional  piece  of  information:  the  location  in  the 
computin'  model  card  deck  of  the  model  card  containing  the  estimating  equation. 
Tables  giving  the  above  information  for  the  remaining  cost  categories  appear  in 
Section  111,  Volume  II. 


and 

UK.  Design  engineering  hours  for  each  structural  element  estimated 
* 

i Index  numbers,  1 through  6 for: 

Wing 

Horizontal  Stabilizer 
Vertical  Stabilizer 
Fuselage 
Naee'lcs 
Landing  Gear 

Figure  43.  CKR  Form  and  Input  Definition  - Basic 
Structure  Design  Engineering. 
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Total  Engineer  mg  l.abor  j Eq  (-1) 


9 1 
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( ! >M1M"I'KR  1 1 Kt  xi  HAM . The  system  cost  estimating  method  mid  the  trade 
study  method  use  the  same  computer  program,  sharing  different  portions  ol'  the 
NAMKI.IST  section  .ind  the  imxlel  card  section.  The  COSTC  program  deck  is 
common  to  both  methods. 

Api>endi.\  K of  Volume  II  provides  information  to  describe  the  system  cost  estimating 
computer  program  module  consisting  of  a listing  of  input  elements,  a listing  of  the 
program  model  cards  ;uul  NAMKI.IST  variable  input  cards,  the  SAV  matrix  printout, 
a NAMKI.IST  variables  dictionary,  and  a summary  of  K-card  coefficients. 

The  computer  program  is  operated  in  different  modes  d.e.  , trade  study  costing  only, 
system  study  costing  only,  dual -mode  operation,  limited  inclusion  of  hardware 
elements,  and  eliminating  alternative  production  quantities)  by  removing  the  corres- 
ponding model  cards  from  the  input  deck. 

,'i.  i.  I IN  PITS  AND  IN  PIT  ( )RGA  NT/ AT  ION  ■ Inputs  for  the  system  method  are 
organized  in  the  same  way  as  for  the  trade  study  method.  Inputs  are  made  up  of 
NAMKI.IST  variables  and  model  cards  with  ihe  latter  consisting  of  estimating 
coefficients  and  CKHs.  Basically,  NAMKI.IST  variables  relate  to  the  design 
characteristics  of  the  hardware  element  estimated  and  estimating  coefficients  to  the 
historical  data  base.  CKHs  are  again  handled  as  input  data. 

The  NAMKI.IST  variables  dictionary  provides  for  the  entry  of  an  inpu*  value  and  thus 
serves  as  an  input  summary  table.  The  summary  of  F-card  coefficients  references 
the  location  of  available  back-up  data,  that  is  the  historical  data  base. 

if.  1.  5 INPl'T  SOKKCKS.  input  sources  are  described  in  Volume  II,  Section  3.3,  as 
part  of  the  input  description  related  to  the  description  of  CKHs.  The  sources  of 
in|xit  data  are  not  formally  defined.  A group  weight  statement  is  required  for  sub- 
system weights.  Design  and  program  data  ate  obtained  from  the  pre-design 
activity.  The  remaining  inputs  are  derived  from  the  historical  data  base. 

3.2  CKR  DKRIVATION 

The  derivation  of  the  basic  CKR  forms  is  described  in  the  following  sections. 

Kquation  numbering  is  taken  from  Appendix  B. 

3.2.1  NUNRKCl'RRING  DESIGN  AND  DEVELOPMENT  COST.  The  discussion  of 
CKR  derivation  will  be  concerned  only  with  primary  CERs.  Summations,  such  as 
equations  (4)  and  (7),  and  the  conversion  of  hours  to  dollars,  equation  (5),  are 
omitted. 

In  addition,  certain  of  the  forms  are  derived  from  the  trade  study  method  and  are 
not  discussed  further.  These  consist  of  the  use  of  a percentage,  factor  or  ratio 
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based  on  nmnuiacturing  exi'orionce  ;uid  include: 


Title 

Equation  No. 

Engineering  Material  Costs 

( 6 ) 

Basic  Tool  Engineering  Hours 

(10) 

Rate  Tool  Engineering  Hours 

(ID 

Tool  Material  Costs 

(13) 

Manufacturing  Aids  Costs 

(13) 

Manufacturing  Development  Costs 

(14) 

Duality  Control  Hours 

(16) 

The  CKR  for  Rate  Tool  Manufacturing  Hours,  equation  (9),  is  based  on  Rand 
methodology  (Reference  8)  mu!  is  the  same  as  was  used  in  the  trade  study  method. 
Equation  (15),  Manufacturing  Support  Costs,  is  also  based  on  a Rand  concept, 
Reference  8,  with  an  inflation  factor  added. 

The  derivation  of  the  remaining  CERs  is  discussed  below.  These  consist  of: 
a.  Basic  Structure  Design  Engineering  Hours 
1).  Configuration  Design  Engineering  Hours 

c.  Equipment  Design  Engineering  Hours 

d.  Basic  Tool  Manufacturing  Hours 

These  CERs,  except  the  third  one,  are  also  used  in  the  trade  study  method.  Since 
in  the  system  method  concern  is  for  the  more  broadly  defined  concept  of  airframe, 
a breakout  for  a complexity  factor  is  provided.  (The  same  results  can  be  achieved 
in  the  trade  study  method  by  considering  the  estimating  coefficient  as  consisting  of 
a product:  complexity  times  a baseline  estimating  coefficient.)  In  the  ease  of 
Configuration  Design  Engineering,  this  results  in  a change  in  the  CER  form. 

Basic  Structure  Design  Engineering  Hours 

This  form  and  the  hardware  elements  for  which  it  is  used  were  illustrated  in  Figure 
43.  The  cost  data  for  its  derivation  is  given  in  Figures  1-1  through  1-6  in  Volume  II, 
Appendix  I.  Figure  44  reproduces  Figure  1-1  for  purposes  of  explaining  this 
derivation. 
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Figure  44.  Wing  Engineering  Cost  Estimating  Relationship. 


This  ligure  shows  the  form  ot  flic  l I, If  as  ust'il  for  trade  study  estimating.  1 hr 
same  estimating  coefficient  and  sealing  ex|x>nent  are  used  in  both  methods.  The 
system  metJiod  provides  for  a complexity  factor  to  be  taken  at  a value  oilier  than  one 
in  those  eases  were  an  uialogy  to  a spec i lie  data  point  is  felt  to  be  more  accurate 
than  the  best  fit  curve.  The  same  effect  can  be  achieved  in  the  trade  study  method 
by  means  ot  an  !■'  card  change  ol  the  estimating  coefficient. 

With  die  presently  available  data  base,  it  api>ears  that  for  initial  engineering  labor 
hours  ve’'sus  weight  a settling  factor  of  0.G0  is  a good  indicator  of  the  scaling 
relationship  between  hours  tuid  weight.  This  settling  factor  has  been  used  for  each 
ol  die  elements  of  the  initial  engineering  task,  tuid  the  assumption  of  a insistent 
trend  apix'tirs  to  be  verified. 

Curve-lilting  of  the  data  is  accomplished  by  a freehand  graphic  method.  The 

estimating  coefficient  is  the  value  of  KC  at  \VF  1 lb.  The  coefficients  derived 

i i 

ire  as  follows : 


F lenient 

FC 

i 

Wing 

540 

Horizontal  Stabilizer 

428 

Vertical  Stabilizer 

400 

Fuselage 

1200 

Nacelle 

1200 

banding  Gear 

5(50 

Configuration  Design  engineering  Hours 

The  form  of  tnis  CKR  is: 

CDF  F (KC)  (WA.W  1’) 

where 

CDF  Configuration  design  engineering  hours 

F Complexity  factor 

FC  estimating  coefficient 

WAMP  AM  PH  weight  of  the  total  basic  structure 

K Cost/weight  seal ing  exponent 

'I  he  data  used  in  the  CKK  derivation  is  shown  in  Figure  45.  Curve-fitting  of  the 
data  is  again  by  a freehand  graphic  method.  The  estimating  coefficient  as  indicated 
has  a value  of  1K40. 
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Figure  45.  Support  Engineering  Cost  Estimating  Relationship. 


Equipment  Design  Engineering  Hours 


The  form  of  this  CKR  is  exactly  the  same  as  for  basic  structure  design  engineering. 
The  cost  data  for  its  derivation  is  given  in  Figures  1,-2  through  L-12  in  Volume  II, 
ApjxMidix  l..  Figure  4G  reproduces  Figure  L-3  for  purposes  of  explaining  this 
derivation.  The  assumption  of  constant  scaling  ;uid  the  method  of  derivation  are 
the  same  as  above. 


basic  Tool  Manufacturing  Hours 

As  shown  in  Figure  39,  tool  manufacturing  labor  is  estimated  in  six  categories.  The 
data  base  is  given  in  Figures  1-7  through  1-1]  and  I.-13.  Figure  47  illustrates  the 
data  and  the  derivation,  'l'he  sealing  exponent  for  tooling  is  0.75.  The  curve- 
fitting is  freehand,  'l'he  resulting  CKR  form  is: 


T. 

13 T.  TF  (EC  ) (WE.)  ‘ 

ill) 


where 


13  T 


TF 


EC 

i 

WE 

i 

T 

i 

i 


Basic  tool  manufacturing  hours  by  hardware  clement 

Complexity  factor 

Estimating  c oe  f f i e i on  t 

Weight  of  tlie  structural  clement  estimated 

Cost/weight  scaling  exponent 

Index  numbers  1 through  7 for  hardware  elements 


'l'he  resulting  estimating  coefficients  are: 


Index 

, Element 

i 

1 

Wing 

1300 

2 

Horizontal  stabilizer 

750 

3 

Vertical  stabilizer 

GOO 

4 

Fuselage 

1240 

5 

Nacelles 

1240 

G 

Landing  Gear 

N/A 

7 

Other  Structure 

GOO 
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Engi  neering  Direct  Labor  Hours  (To  1st  Flight 


100 

10  100  1,000 

Weight  (Pounds) 


Figure  40.  Environmental  Control  Cost  Estimating  Relationship, 


Basic  Tool  Manufacturing  Direct  Labor  Hours 


JO,  000 
100 


Figure  47.  Horizontal  Stabilizer  Tool  Manufacturing 
Cost  Estimating  Relationship. 
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Complexity  factors  have  been  developed  based  on  the  results  of  the  horizontal 
stabilizer  feasibility  study.  In  the  system  costing  method  the  estimating  coefficients 
and  the  complexity  factors  are  used  singly  whereas  in  the  trade  study  method  these 
terms  are  combined  as  Ute  product  TMF.  't  he  series  of  factors  was  given  in  Table 
6,  which  is  set  up  for  either  method. 

3.2.2  FIRST  CNJT  ,.1ANF KACTl'RINf.  COST.  Only  one  CFR  form  is  involved  in 
the  estimating  of  first  unit  manufacturing  cost  in  the  system  method,  it  is  used  for 
each  of  the  elements  of  basic  structure  and  mechanical  subsystem.  It  estimates 
combined  labor  and  material  costs.  The  form  is 


C Ft 

i 


K. 

CF  (F.C  ) (WK  i 1 (INF) 
i i i 


(SAV  1 
i 


(17) 


where 


C IT 

i 

IF 

i 

HC 

i 

WK 

i 

K 

i 

INK 

SAV. 


Labor  and  material  first  unit  cost  of  the  element  estimated. 
Complexity  factor 
estimating  coefficient 

Weight  of  the  hardware  element  being  estimated 

Cost/weight  scaling  exponent 

Adjustment  of  H)70  data  base  to  1974  base 

SAV  matrix  address  for  pick-up  of  trade  study  method 
estimate. 


This  form  is  the  same  log-linear  relationship  previously  used.  The  data  base  is 
contained  in  Figures  L-14  through  L-30  in  Volume  11.  Figure  48,  which  repro- 
duces Figure  K-17,  is  used  to  illustrate. 

The  assumption  of  constant  cost -weight  scaling  cannot  be  made  because  of  the 
variability  introduced  by  combining  labor  and  material.  The  data  base  represented 
by  the  above  referenced  figures  was  reviewed  and  fitted  by  a freehand  curve  in  each 
case.  The  resulting  set  of  estimating  coefficients  and  scaling  exponents  is  given 
in  Table  8.  These  have  been  entered  in  the  cost  model  as  F-card  coefficients. 

For  all  of  the  subsystems  for  which  equations  were  generated,  a nominal  or 
benchmark  set  of  equation  constants  is  represented  with  the  complexity  factor  set 
at  one.  Excursions  are  made  from  this  baseline  to  indicate  the  effect  of  changes 
in  a specific  design,  hi  some  cases,  as  in  Figure  48,  multiple  curves  are  assumed 
based  on  an  apparent  stratification  of  the  data. 
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Tables.  First  l nil  Cost  Fstimatinn  Coefficients 
:uid  Seal  inn  Fxponenls. 


Hardware  F lenient 

Index 

No. 

F st  i mat  inn 

Coefficient  (F.C  / 

i 

Seal  inn 
F.xjxment  (F.) 

Winn 

1 

1080 

.70 

Fmpennane 

2 

2200 

. 05 

Fuselane 

4 

2000 

.70 

NaeelV's 

5 

2100 

. 00 

I. :unl inn  dear 

G 

525 

. 7!) 

Surface  Controls 

7 

1055 

. 80 

Air  Conditioninn 

8 

1550 

.71 

1 1 yd  ‘aul ics ••  Pneumatics 

0 

3200 

. 70 

K'eelrieal  Subsystem 

10 

250 

1 . 00 

Instruments  mid  Displays 

1 1 

0100 

.70 

Auxiliary  Power 

12 

1000 

.77 

Armor  Plate 

13 

040 

.70 

Fnnine  Associated  Kituipnient 

14 

040 

. 80 

Fuel  System 

15 

074 

.80 

Avionics  Provisions 

10 

300 

.90 

Fumishinns  mid  Kquipmcnt 

17 

1570 

.75 

The  adjustment  represented  by  the  term  LN  F is  as  follows: 


INF 


1.273  • (1  • HI) 


(Y-1974) 


where 


HI  Annual  rate  of  inflation 
V Dollar  reference  used  lor  an  estimate 
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represents  inflation  between  1970  and  I !)7  1 based  on  Rclerence 


1 he  constant  , I . 77.'! , 


The  term,  SA\'.,  in  IT  juat  i<  >n  17  represents  the  >■  avision  for  subst  i tut  ing  ll’e  detai  b . I 
trade  -'Uidy  estimating  results  in  place  of  eslima.es  made  by  the  first  term  of  the 
equation.  Values  are  obtained  from  the  SAY  matrix  at  the  address  '.'here  the  trade 
stud\  estimates  are  entered.  For  this  option,  the  lirsl  term  must  be  zeroed  out. 

The  option  is  used  only  for  basic  structure  elements. 

.'1.7.1!  RFC!  KHIN'C'i  PH( )] )FC"f  l(  )N  COSTS.  Hecurrin  1 'reduction  costs  for  the 
system  costing  method  are  handled  in  a manner  similar  to  that  for  the  Recurring 
Production  Cost  Summary  for  the  track  study  costing  method.  The  equations  used 
are  equations  ilsi  through  (271  as  shown  in  Appendix  B.  equations  (18)  and  (1!))  are 
lor  Sustaining  engineering  for  RDTK.F  ;uui  procurement  quantities  respectively  and 
are  based  on  previously  referenced  Rand  methodology.  The  same  is  true  of 
equations  (20)  and  (71)  for  Sustaining 'Tooling.  Manufacturing  recurring  costs, 
projected  as  dollars  based  on  first  unit  manufacturing  costs,  use  the  '/-card 
calculation  based  on  TFRM  29  (equation  22)  as  previously  described. 

2.  2.  A ( )TH KR  SI  P PORT  INC  DATA . Accuracy  plots  were  made  in  the  case  of  the 
engineering  di  reef  labor  CKRs  (Basie  Structure,  Configuration  Design  and  Kquip- 
ment  Design  Kngineering)  and  the  basic  tool  manufacturing  d iroct  labor  hours.  To 
provide  a visual  display  of  the  accuracy  with  which  the  methodology  estimates 
historical  data  points,  a plot  of  estimated  engineering  hours  versus  actual  engineer- 
ing hours  was  made  and  appears  as  Figure  49.  A similar  plot  was  made  for  basic 
tool  manufacturing  hours  and  apjjears  as  Figure  50.  The  dotted  lines  provide  a 
bandwidth  for  the  data  jxdnts  and  represent  estimates  that  are  50'.'  below  and  50' V 
abo\  e actual . 


12.  Campbell,  11.  n.,  Aerospace  Price  Indexes,  Rand,  R-5G8-PR,  December 
1970. 
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Actual  Engineering  Hours 


I'nits  in  Thousands 


I-’igure  49.  Accuracy  Plot  for  Engineering  Hours. 
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Figure  SO.  Accuracy  Plot  for  Tool  Manufacturing  Hours. 
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o ist  t< >i j i : i > c< ).m pi  ri: H pr< k;ram 

For  reporting  purpose  tin-  computer  programs  used  in  the  cost  estimating  methods 
are  discussed  in  two  parts:  the  cost  model  compute  r program  is  covered  in  this 
section  and  the  sr-called  supixirting  programs  are  discussed  in  Section  \' . The 
latter  program  are  supposing  in  the  sense  that  they  provide  input  data  to  the  cost 
program.  This  study  has  been  concerned  prime  dly  with  Lh  development  of  the  cost 
propram  and  the  adoption  ol  existing  synthesis  programs.  An  exception  has  been  the 
development  of  the  computer  program  for  development  of  aircraft  fuselage,  landing 
gear  and  na  adle  we i gills  reported  in  Section  V. 

T his  section  is  intended  only  to  provide  an  overview  description  of  the  cost  model 
computer  program  since  it  is  described  in  ojx* rational  detail  in  Section  2.2  of 
Volume  II.  In  addition,  however,  some  of  the  reasoning  behind  tne  selection  of 
certain  features  will  be  described:  and  in  particular,  a more  complete  definition  of 
the  COSTC  program  concept,  which  is  fundamental  to  the  programming,  will  be 
provided.  Also  this  section  describes  the  dual  mode  ol  operation  between  the  trade 
study  and  system  costing  methods. 

The  computer  program  serves  to  organize  the  cost  estimating  task.  This  estimating 
process  is  accomplished  in  terms  of  going  to  the  proper  sources  for  the  necessary 
input  data,  evaluating  estimating  coefficients  in  view  of  additional  data  acquisition 
and  previous  estimating  results,  setting  up  the  computer  program  deck,  and  entering 
inputs. 

4.1  PU(X;.IIAM  ORGANIZATION 

The  compute!  program  deck  set  up  is  shown  in  a simplified  manner  in  F igure  hi. 

The  principal  elements  ol  the  program  are: 

a.  Control  cards. 

b.  Program  deck. 

e.  Input  cards  consisting  of: 


Title  card 
Option  card 
NA  M FI  LIST  input  cards 
Model  cards 


1 u-lKX< 
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CARDS 


lint  1 til  record  curds  ;trc  used  :is  shown  n I inure  dl. 

■1 . 1 . I CnNT H(  d , i A HI  >S . < Out  rol  e,i  rds  a re  desc  r ibed  in  Seel  ion  1 . 2 . I oi  Volume  II 

i tpt  ions  eon  si  st  ol  the  sou  re  e deck  w it  It  either  "HI  N " compiler  or  "I"  IN  " com  pi  le  r ; 
a binary  deck  with  either  compiler,  and  control  cards  lor  iq  x 1 at  in  p,  a routine  and 
executing  the  u|  x I a t I package  with  the  "HI  N " eompilei  . 

•I.  1.2  PUi  K i HA M 1 ) l ( K . The  cost  model  computer  program  makes  use  ol  a 
general  cost  model  program,  designated  as  CuSTC,  t;i.kiag  advantage  ol  certain 
leatures  oi  that  program.  The  program  source  deck  list  is  contained  in  Appendix  C. 
A general  flow  diagram  of  the  program  is  given  in  Figure  ."ill . 

C(  >STC  is  a data  manager  program  w ritten  in  MOHTHAN  IV  for  the  C1)C  CYHKK  72. 
The  program  provides  lor  handling  the  cost  estimating  logic  tCKHsi  as  tt  program 
input  whereby  they  can  be  changed  as  an  input  eh  tinge  i subject  to  the  constrain 
of  making  an  appropriate  NAM  MUST  and  Common  block  change).  Cost  estimating 
coell  ieients  ran  also  be  changed  in  the  same  way,  that  is  by  a mode!  card  change. 

The  program  leatures  a SAV  matrix  that  consists  of  an  array  bv  line  and  column  for 
storing  estimating  results.  This  matrix  is  both  addressable  for  use  in  subsequent 
calculations  and  displavable  as  a means  ol  recording  results  and  verifying  inter 
mediate  calculations.  An  example  ol  the  SAV  matrix  is  shown  in  Appendix  C, 

Volume  il  as  Table  C-l.  This  is  a complete  matrix  lexeepl  for  the  et feels  of  the 
absence  of  a horizontal  stabilizer)  representing  the  If  fks  trade  study  method  test 
ease.  The  lines  and  columns  are  addressable  by  the  model  cards.  A value  "stored" 
in  any  element  of  this  matrix  may  be  used  as  a term,  and  manipulated  by  certain 
types  of  model  cards.  The  SAV  matrix  is  dimensioned  by  the  driver  program, 
COSTC.  The  number  of  rows  in  the  matrix  corresponds  to  the  number  of  lines 
containing  cost  values  that  are  to  be  printed  out.  In  terms  of  model  cards,  however, 
a calculation,  i.e.,  a model  card,  is  required  for  each  element  of  the  matrix.  The 
matrix  is  limited  only  by  the  dimension  statement  ;uul,  in  turn,  euro  capacity.  The 
eur rent  program  is  dimensioned  for  (59',)  lines  and  12  columns.  A l.'Uh  column  is 
uscxl  for  summing  a given  line.  The  number  of  columns  in  the  matrix  corresponds 
to  the  number  ol  columns  that  can  be  printed  out.  The  program  presets  the  SAV 
matrix  to  zeroes  before  the  execution  of  a run.  Terms  are  computed  and  added  to  a 
specific  location  in  the  matrix  addressed  by  line  and  column  number  by  the  operative 
model  cards.  The  function  of  the  SAV  matrix  leads  to  a discussion  of  model  eaixls. 

T his  is  included  in  the  discussion  of  input  cards  below. 

'1  he  trade  study  method  and  the  system  study  method  use  identical  control  eaixls  and 
program  deck.  Identification  of  the  method  comes  about  in  the  Input  Cards. 

'1.  1 . Ii  IN  PIT  CARDS.  A printout  of  a complete  set  of  input  eaixls  is  shown  in 
Volume  11,  Apixmdix  A and  Appendix  K,  for  the  trade  study  and  system  costing 
methixls,  respectively.  The  title  card  is  omitted  because  it  appeared  as  a blank 
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inure  52.  COSTC  General  Mow  Diagram, 
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e; i i'il  in  l he  test  ease  . I lit'  T i!  le  e;i  nl  u.-.e  - Ml  ( nlumii : ol  :i Iphammier  i<  - I , ■ t ; i Id  lx  ■ 
printed  :is  the  ■ n : 1 m I il  le. 

I he  1 )p|  ion  e;i  n I has  as  its  purpose  eon  t m!  ol  I lie  in  1 1 in  I ir  nip,  ol  pre\  u.usl v n sod 
input  variabbm,  < onti'ol  ol  the  process  ol  merging  mode!  .-ards  with  pre\  into,  ool 
model  in lorm at  ion , ''pent  cation  ol  the  maximum  nunilmr  ol  vnri  ihie:  to  he  used  by 
an  element  ol  the  model,  naming  ol  the  six  elements,  in  sequence,  ihat  the  model 
is  capable  o I handling.  ( iperal  mnal  in'orniation  on  the  use  ol  tile  < >p!  ion  ea rd  is 
given  in  \'olume  11,  Section  Lb. 1.5. 

NAM  Kl. 1ST  input  cards  record  the  ;npul  wa:  mbi  -s.  The  NAWFFIS'l  identifiers  .,re 
SI'/K,  Cl  H\T  and  Sl'MM-MIV,  which  is  pa  t ol  the  syst . m cost  ing  method . ( )ne 

et  ol  variables  in  a NAM  ill, 1ST  card  eorresixmds  to  an  element  of  lh“  model.  As 
many  blocks  are  read  as  ,ov  specified  by  tin*  .lumlicr  of  eimnents  punched  in  llte 
option  card,  and  the  inclusion  or  exclusion  ol  an  element  is  controlled  l>v  the  oplion 
card.  Sets  ol  variables  must  then  be  furnished  to  correspond. 

Tilt*  lirst  ease  should  contain  all  the  variables  that  are  used  by  the  model.  I'.ir  sub- 
sequent eases,  only  the  variables  that  are  to  he  changed  art*  input.  Variables  arc 
stored  in  a single  dimensional  array  called  PC.  Tin  v are  stored  by  elements  ;md 
are  printeil  out  by  element  for  each  ease  tain.  A sample  input  emim  it  printout  is 
shown  in  Appendix  If,  Volume  II. 

The  model  cauls  consist  of  a series  of  different  type  cards  that  carry  the  costing 
logic.  These  cards  ]x*rform  different  lunelions,  and  column  one  of  each  card  is  used 
as  a 'hey"  to  determine  the  ajjeeifie  function  of  that  earth  The  functions  of  the 
various  types  of  model  cards  art*  described  in  Volume  11,  Appendix  A,  including  the 
rules  applicable*  to  the  use  of  each  type  of  card.  The  cards  tut*  discussed  in  the 
order  in  which  they  appear  in  the  printout  in  Appendix  A,  except  that  till  ol  the 
input  oriented  cards  arc  groii]x*d  together  and  discussed  first.  The  complete  i i s <T 
card  types  in  the  order  in  which  they  appear  in  the  model  deck,  is  It -card:  1-card- 
U-eard:  5-card.  h -card:  blank  card:  C card;  N card:  T -card:  I) -card:  K card: 

P card:  ’/-card:  h-eard:  and  K-card.  The  input  orb  ntrd  cards  are:  F-card;  H card 
/ -card. 


To  illustrate  the  operation  of  the  matrix  and  the  function  ol  the  model  cards,  exempts 
from  the  SAV  matrix  from  \'olume  II  and  the  model  mini  input  data  listing  are  shown 
as  Figures  55  :uid  54,  respectively . The  enclosed  area  in  Figure  55  eorresixmds  to 
tlie  subset  of  model  cards  listed  in  Figure  54.  To  further  illustrate  the  relationship, 
the  first  entry  in  Figure  54  is  as  follows. 


F 12  (i  W 5 WNCi  - . . ,7  >KMC5  WNC.  *SF5  WNC.  W(i  WNC.  • • . 77  « HMt’G  WhV, 
. PFG  WNC. 
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I his  is  an  "I-"' r:ml  as  mill'd  In  the  1 in  tile  lirsl  niluinn.  Ihe  SA\  matrix  element 
in  which  the  results  ol  the  calculation  are  entered  i:  line  I 2 and  column  (i.  The 
entry  there,  as  shown  in  Figure  r> ; i , is  I . st ; j I . ■ ()■!,  or  IMGOU.  I rom  the  ei|ualion  it 
can  lie  determined  that  this  is  in  dollars.  This  is  an  intermediate  ealculalioi  md 
does  not  apjiea r in  the  computer  printout . The  epual  ion  it sel i is  del im  d as  lolluu  : 


j 

WTi  WNC.  Weigh!  ol  Llml  kind  ol  spar 

WG  WNC.  Wei uln  ol  3rd  kind  ol  spar 


. / i 

KMCu  WNC. 
liMfli  WNC. 
Ska  WNC. 
SFG  WNC. 


Km  pi  rieally  (let  ived  scaling  e.\|ionenl 
Haw  material  cost  lor  2nd  type  ol  spat 
Haw  material  cost  for  ,‘!rd  !vpe  ol  spat 
Srrappage  laclor  lor  2nd  type  ol  spar 
Scrappage  factor  lor  3rd  type  ol  spar 


The  designation  WNC.  refers  to  the  wing.  This  calculat  ion  lor  each  ol  the  other 
basic  structure  elements  is  exactly  the  same  with  the  substitution  of  estimating 
coefficients  and  NAMKI.IST  variables  appropriate  to  the  element  to  be  estimated 
The  first  type  ol  spar  (not  shown  above)  is  estimated  by  F-card,  K 32  G,  which  ui 
addition,  picks  up  the  total  of  K 12  (i  to  provide  the  cost  printout  appearing  in 
Figure  ‘J  under  Structural  Box,  Spars,  Material  Cost,  in  the  amount  of  S2li,  303. 
The  corresponding  SA\'  matrix  entry  is  indicated  in  Figure  33 . 


The  F-card  entry  for  F 32  G is  as  follows: 

F (10  G W 4 WNC.  - .77  * KMC 4 WNC.  • SF4  WNC.  • (12,  (il 

where 

W4  WNC.  Wei  gill  of  1st  tyjx.'  ol  spar 

KMC4  WNC  Haw  material  cost  lor  1st  type  of  spar 


1.  That  the  hardware  element  is  a spar  is  determined  from  the  number  a. 
Primary  structure  hardware  elements  are  numbered  as  follows: 


W1  Wei  gilt  of 

W2  Weight  ol 

W3  Weight  of 

W A Wei  gilt  of 


1st  type  of  rili 
2nd  t y j x ■ of  rib 
:ird  ly])c  of  rib 
1st  type  of  spar 


WG  Wei glil  of 
WG  Wei glit  of 
W7  Wei  gill  of 
WS  Wei  glil  of 
W‘J  Weight  of 


2nd  type  of  spar 
3rd  type  of  spar 
1st  type  of  cover 
2nd  typo  of  cover 
3rd  type  of  cover 


Provision  is  thus  made  for  handling  three  different  type  of  ribs,  spat  s and 


covers. 


SI  1 \\\!i  Serappag'1  Inclm'  lor  Isl  type  of  spur 

1 1 "J , in  Answer  recorded  in  I he  SAV  matrix  element  at 

line  1 1,  column  (I. 

I'he  above  also  illustrates  the  capability  lor  simulRuieously  handlmg  up  to  three 
types  ol  materia!  or  const  met  ion.  The  various  estimating  roellb  'ills  used 
throughout  the  modtd,  such  as  the  exponent,  0.77,  are  subject  to  change,  which 
can  be  accompli  slu'd  simply  by  an  appropriate  model  card  change. 

1.  i . -I  Fyl’l  1 CAT Klh  iRIZA'l  K >N . The  basic  categorization  ol  inputs  in  terms  ol 
input  cards,  per  so,  ;unl  changes  to  coefficients  eonlained  on  the  model  cards  is 
shown  in  Figure  do.  NA.MKldS'J’  variables  consist  primarily  ol' data  t hat  cor  responds 
to  the  physical  characteristics  ol  the  hardware  being  estimated.  Model  card 
eoellicients  consist  ol  values  derived  Irom  historical  data,  experimental  studies, 
and  occasionally,  judgment  laetors.  As  such  the\  are  subject  to  re\  iew  and  change 
over  time.  Another  contractor  using  the  metluxl  would  probably  need  to  adjust  the 
eoellicients  to  his  own  data  base. 

•b  1.0  THAIti:  SITDV  AND  SVSTFM  COST  INC.  MO1H1.ARF/AT10N  . As  stated  a))ove 
the  control  cards  and  the  program  deck  are  common  to  both  estimating  methods. 

Input  card  segregation  controls  the  choice  of  method.  A comparison  of  the  first  page 
of  each  of  the  input  data  deck  listings  contained  in  Volume  II,  Appendix  A and  K, 
will  show  the  respective  use  of  NAMKbiST  input  cards.  In  the  ease  of  model  cards 
the  segregation  is  as  follows: 

a.  Trade  study  method:  bines  1 through  (lb 8 

b.  Svslem  study  method:  bines  701  through  800. 

The  .■'•••rvening  block  is  reserved  for  possible  expansion  of  the  trade  study  method 
or  the  lUlure  addition  of  features. 

•1. 2 DI'Ab  MODI-:  Old: RATION 

The  concept  ol  using  the  two  methods  in  conjunction  is  shown  in  Figure  5(5.  'This  is 
accomplished  tJi rough  the  model  cards  by  starling  with  the  system  costing  metluxl 
and  substituting  elements  of  the  trade  study  method.  This  is  illustrated  in  Figure  57 
;uul  58,  using  die  wing  as  an  example.  Only  First  Fnil  Manufacturing  Cost  is 
directly  affected,  but  as  it  changes,  the  change  is  reflected  in  the  projections  for 
Recurring  Production  Cost. 

Figure  57  is  the  relevant  section  of  system  method  model  card  listing.  In  the  ease 
of  the  wing,  zeroing  out  the  first  term  of  the  entry, 
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Figure  55.  Input  Categorization. 
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Figure  5G.  Dual  Mode  Operation. 
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F 7.r,l  ■,  l K1  WNC.  ‘ KINO.  0 • \Y\Y  Yv'NC.  . . . 70  . i7  10.ll)  .11,0) 

;md  substituting  the  value*  horn  SAV  matrix  element  i01,!h  aceompl i shes  the 
modular  interaction.  Reference  to  !•’ inure  68  shows  the  prelimhary  calculations 
tor  the  entry  (61,!)).  Kaeh  of  the  subse(|uent  calculations  referenced  in  se<|uence 
are  required  for  the  final  total.  If  a trade  study  cost  estimate  had  not  previously 
been  made,  and  presumably  this  would  be;  the  usual  ease,  the  supporting  input  data 
would  be  required.  The  entire  sequence  can  be  traced  by  reference  to  Appendix  A 
of  Volume  1 1 . 
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. i'O'  2DIUi  r*A  rd)  L/V.UV-...C  T j'iu-LiD 

1 

s i: ( "i  i < )\  \'  : 

PFS1C.N  SYNTIIFSIS  AND  WKIDMT  ANALYSIS  SI ' iM><  HCI'I  ND  I’RllCliAMS 

Nu  trade  study  cost  .estimating  method  relics  on  the  output  ol  a detined  set  ol  dcsigji 
synthesis  programs  to  operate  in  an  iterative  mode  lor  preliminary  design  trade 
studies.  Although  it  can  lie  used  lor  a single  point  design  estimate  using  manually 
derived  inputs,  the  costing  concept  as  it  is  structured  requires  an  interlace  with 
computerized  design  synthesis  programs  lor  design  inputs.  This  is  not  true  of  the 
system  costing  method,  which  is  structured  to  require  more  routine  types  ol  input. 

Thc>  required  trade  study  supporting  synthesis  programs  are  discussed  in  this  section. 

Input  development  was  illustrated  i.t  figure  ‘JO , showing  in  general  the  interaction  ol 
the  supporting  programs  and  their  output.  These  programs  are: 

a.  The  Multistation  Structural  Synthesis  Program. 

I).  Tip,  Leading  Kdge  mid  Trailing  Kdge  Analysis. 

<•  Computer  Program  lor  Development  of  Aircraft  Fuselage,  Ltuiding  Clear 
and  Nacelle  Weights. 

The  interface  between  the  costing  program  ;md  the  preliminary  design  activity  is 
largely  defined  bv  the  input /output  relationship  between  these  programs  and  the 
cost  model.  The  preliminary  design  activity  comprises,  of  course,  a considerably 
greater  area,  including  the  possibility  of  other  computerized  design  synthesis 
programs  to  provide  inputs  to  the  supporting  programs  described.  Such  areas  ;md 
their  possible  integration  have  not  been  considered  in  this  study. 

The  elements  of  the  existing  estimating  method  have  been  designed  to  operate  in  a 
modular  mode,  as  opposed  to  being  hard-wired  or  having  mi  integrated  input/output 
interface,  for  two  reasons:  >1)  Kaeh  of  the  elements  is  in  a state  of  development 
;uul  changes  in  input/output  are  to  be  expected  :uid  (2)  It  was  desired  to  have  the 
capability  of  operating  the  costing  program  independent  of  the  structural  synthesis 
program,  limited,  of  course,  to  those  cases  where  the  necessary  input  data  could 
be  provided  manually. 

Coordination  of  the  operation  of  the  supporting  programs  in  the  process  of  input 
development  is  accomplished  hy  means  of  a set  of  instructions  consisting  of  input 
;uul  output  worksheets.  This  i completely  described  in  Volume  II.  The  sequence  of 
operations  for  the  programs  involved  in  analyzing  aerodynamic  surfaces  is  shown 
m Figure  40  of  that  volume.  The  sequence  of  operations  for  fuselage,  nacelles  ;uid 
burling  gear  is  shown  in  Figure  41.  An  illustrative  set  of  worksheets  is  included  ;uul 

1 22 


discussed  in  Appendix  -I  ol  Volume'  II. 


In  addition  to  the  discussion  ol  llu*  sup)  x * rt  i n p,  programs,  results  ol  a study  to  invest  i 
cato  liniU1  oli'inont  structural  synthesis  methodology  as  a possible  additional  or 
alternative  supporting  propram  are  also  described  in  this  section. 

n.  1 Ml  1 .T  1ST  AT  It  >N  STIR  ('TP  RAP  SYNTII  PSIS  PRU.RAM 

A multi  station  synthesis  approach  is  used  lor  aerodynamic  surfaces,  including 
wings  other  than  deltas,  :utd  lor  simple  fuselages.  The  approach  adopted  for  this 
estimation  propram  is  called  the  Automated  Propram  for  Aerospace-Vehicle 
Synthesis  (A  PAS).  As  shown  in  Pi  pure  20,  A PAS,  piven  the  required  inputs, 
prov  ides  the  lollowinp: 

a . Dimensional  tint  a 

b.  Structural  si/.inp  ;uid  theoretical  weights  for  aerodynamic  surfaces  primary 
structure,  which  when  analyzed  apainst  weiphl  correlation  factors  provides 
weight  estimates. 

e.  Strueturtil  si/.inp  and  theoretical  data  lor  input  to  the  propram  for  development 
ol  ait '-raft  fuselapc.  landing  pear  and  nacelle  weiphts  (F-N-P). 

The  A PAS  propram  has  been  developed  primarily  with  Independent  Research  real 
Development  Funds.  It  has  been  ;ui  integral  part  of  the  estimating  method  since  the 
feasibility  study.  It  was  used  ;uul  demonstrated  as  part  of  the  aerodynamic  surfaces 
estimating  module  and  has  been  described  in  Reference  2,  Volume  li. 

The  multistation  struetuial  synthesis  program  was  modified  to  add  a weight  esti- 
mating capability  lor  primary  structure  for  use  in  the  aerodynamic  surfaces  module. 
Weight  i orrelation  factors  arc  used  in  the  methodology  as  illustrated  in  Figure  51) . 
Reterences  12  and  14  provide  a complete  description  of  Uie  program  development. 

St ructu ral  synthesis  is  a way  of  satisfying  the  design  problem  of  defining  a piece  of 
structure  that  fulfills  requirements  of  strength,  geometry  and  other  criteria.  It 


12.  Parry  M.  Peterson,  ".Multiple  Station  Structural  Synthesis  for  Pilling  Surfaces, 
General  Dynamics  Report,  GDCA-KRR-1722,  November,  11)72. 

14.  Gary  S.  Kruse  and  Dai  ry  M.  Peterson,  "Automated  Structural  Sizing 

Teehnini.es  for  Aircraft  and  Aerospace  Vehicle  Structures,  "General  Dynamics 
Rojjort,  GDt.'A -KRR-1748,  December,  11)72. 
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i niiihme  • materia  | u'i  n h • ri  ic  . —l  r«i<tiii*:il  : i n ; 1 1 v - i : 1 crlin  i ( |ii( ' ■ , ;iuil  !i  ■;  u I in  g i •nv  i foil 
! : 1 1 ‘ii l - to  produce  ;i  comm  stent  dt“  cgn . I ho  interlace  lioiwoon  the  oust  e.-t  imal  mg 
pi'i  iooi  lu  iv.;  ;iii‘l  lho  de.-ngn  - vr  i.f.- -M  s ;s  depicted  in  Figure  .7.’.  '1  ho  si  rurl  viral 

\athr-r-,  i ophioo^  hum!  oaloul.tl  ion w iih  an  iulmnalo<!  sorios  ol  logical  step.-,.  It 
otter-  :<  l\  ant  agi  ■-  in  -olulion  spoi!  mul  aminn  . Mathemat  ioa  I opt  i m i /at  ion 
too  Im  a |iiu-  1 1 a \ o lioon  iiirorpiiiih  ed  that  arc  uni  i actable  by  ham  I oaloulal  ions . 

A lu  col  Mimmarv  ol  the  program  follows.  Design  synthesis  proceeds  svslomaliuallv 
Irom  root  lo  up,  in  ili-.oiole  Mops,  usually  al  rib  localions,  in  a I wo  phase  system. 

In  till  liist  phase  ot  iho  s\  nth*". is.  process,  a so'  ol  initial  member  size  estimates  is 
anaivzeii.  Margins  ol  eteiv  are  eompu'ed.  I hiekness  variables  ol  all  elements  are 
adjusted  by  iterative  steps  until  eaeh  element  has  a zero  margin  ol  salety  or  until 
a minimum  gage  const  rain!  i-  encountered.  The  second  pjiase  seeks  to  maximize 
margins  ol  -at,  pv  by  relinenmni  ol  element  geometry  while  holding  structural  weight 
constant.  When  this  has  been  accomplished  the  (It  sign  is  recycled  through  phase  one 
to  turiher  feline  structural  weight.  This  logic  is  repealed  until  salisl'aetory  conver- 
gence is  obt aim 'd . 

The  tact  that  margin  ol  salety  maximization  rather  than  weight  minimization  is  used 
in  the  set  ond  phase  permits  use  ol  unconstrained  function  opt i mi/.,  lion  methods. 

Major  advantages  ol  this  approach  are:  the  member  sizes  e:ui  be  const  rained  to  lay 
w ithin  practical  limits  ol  material  sizes  and  mamifaetu ring  eapabil ity : multiple  lailure 
modes  may  be  taken  into  consideration  for  eaeh  structural  element:  positive  margins 
ot  safety  are  always  maintained  so  Urn!  a salisl'aetory  design  - from  the  strength 
l>oint  of  view  it  not  the  weight  is  available  at  the  completion  ol  eaeh  iteration. 

An  accurate  representation  ol  geometry  is  permitted  by  defining  discrete  nodes  on 
the  contour  ol  the  surface.  The  ealeulut ion  of  internal  loads  distribution  is  im- 
proved over  previous  programs  bv  ineor|v>rat ion  ol  methodology  for  analysis  ol  a 
multi-cell  box  beam.  Complex  bending,  shear  and  torsional  loads  may  be  applied. 
Axial  loads  and  shear  flows  are  computed  for  each  node  |«)ini  ;uul  panel.  Beams  are 
limited  to  a maximum  of  four  cells.  1 he  discrete  m iw  used  in  defining  die  contours 
are  also  used  as  elemental  centers  ol  mass.  A spaiolf  of  '.!-is  modeling  scheme  is 
the  ability  to  represent  surfaces  using  'W“  dated  constructional  mode  of  concent  rating 
the  bending  material  in  the  spar  caps. 

The  nature  of  the  element  determines  the  lailure  modes  that  receive  investigation. 
Typically  gross  stress,  buckling  and  -rippling  checks  are  appropriate.  Dimensional 
constraints  may  also  be  viewed  as  failure  modes  and  geometric  margins  ol  safety 
may  lie  computer. 

flight  safety  crif-ria  other  than  da  b-  strength  are  also  eonsidered.  Aero-elastic 
phenomena  may  be  investigated  to  determine  flutter  and  divergence  speeds.  A 
review  ol  structural  integrity  for  a given  service  loading  environment  etui  be 
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: t < « ■ t u i p ! i : ' h t ■(  1 lie  Nile  1:1c,  l:ii!  -mle  or  Inligue  analysis.  These  routines  :iml  cheeks 
aii  minimal  .ve  in  naluie  aiul  do  not  iniliale  a redesign  cycle,  lull  serve  as  IT  a o s 
that  a design  decision  is  rei|uired.  Deeisinns  such  as  material  change,  criteria 
revision,  mission  revision,  etc.  are  typically  considered  at  this  point  in  design 
ev  olul ion 

A I low  diagram  ol  A HAS  is  included  as  ! igurc  (10.  Although  understanding  the  pro 
gram  to  t!ii  - depth  probably  requi  res  recourse  to  the  references.  This  program 
represents  the  adaptal  ion  ol  a general  multi  station  synthesis  program,  Helen-nee 
I I,  |o  the  particular  rri|ui  ivmenls  ol  aerodynamic  surfaces.  A program  listing  has 
hem  made  available,  separately. 

A.  TIP.  I.KADINT.  ANT)  THAI  I, INC  KltX'.K  ANALYSIS 

In  figure  'jo,  this  program  is  referred  to  as  "Aenxlynamie  Surfaces  Secondary 
Structure  Synthesis  and  Weight  Analysis.  " It  is  a computer  program  for  estimating 
the  geometry,  weights,  part  definition  ;utd  primary  cost  drivers  for  aerodynamic 
surlaees  leading  edge,  trailing  edge  ;md  tip  components.  The  aerodvnamic  surface 
structural  box  is  not  included  as  pail  of  the  program.  However,  the  output  is 
designed  to  • (implement  structural  lx>x  analysis  to  provide  complete  coverage  ol  the 
aerodynamic  surfaces.  APAS  uses  beam  -analysis  methods  not  applicable  to 
secondary  structure,  hence  the  resort  to  other  methods  of  analysis. 

The  secondary  structure  synthesis  program  has  been  dese ribed  in  Reference  2, 
Volume  IJ . A very  brief  description  is  giv  en  in  this  report  dealing  with  the  two 
processes  of  the  method:  the  geometry  and  analysis  of  the  leading  edge,  trailing 
edge  and  t ip  oompments  and  component  pari  definition. 

Tip,  1 .ending  and  Trailing  Pdgc  Analysis 

The  leading  edge,  trailing  edge,  and  tip  synthesis  modules  provide  the  capability  to 
analyze  the  aerodynamic  surface  structural  components  that  are  not  considered  as 
part  ol  the  structural  box.  The  leading  edge  is  defined  as  being  forward  of  the  front 
spar  am  I includes  the  fixed  portion  of  the  leading  edge  and  the  leading  edge  high  lift 
devices  islatst.  The  trailing  edge  is  defined  as  being  aft  of  the  rear  spar  ;uid 
includes  the  fixed  trailing  edge,  foreflaps,  flaps,  ailerons,  rudder,  elevator,  and 
s|Kiilers.  The  tip  is  defined  as  that  stiuelure  outboard  of  the  structural  box  tip 
closing  rib. 

The  synthesis  includes  a definition  of  part  geometry  and  a detailed  stress  analysis 
that  determines  gages,  accounts  for  material  types,  and  sets  minimum  gtige  con- 
straints. The  geometry  routines  provide  dimensional  input  to  the  stress  analysis 
routines.  The  geometry  and  stress  routines  output  includes  part  size  and  weight, 
as  well  as  parameters  for  the  part  definition.  A generalized  flow  of  the  leading 
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edge,  t railing  edge,  and  t ip  subprogram  is  shown  m Figure  111. 

The  analysis  util i /.os  eight  geometry  routines,  three  stress  analysis  routines,  six 
su])]x) rt ing  routines,  and  two  calling  routines.  The  geometry  routines  are  lor  Haps 
aileron,  rudder,  elevator,  slat  location,  slats,  lixed  leading  edge,  and  spoilers. 

The  stress  analysis  routines  include  leroflap,  spoiler,  and  one  which  analyzes  Uie 
flaps,  ailerons,  slats,  rudder,  ;md  elevator.  The  supporting  routines  derive  dimen- 
sions, material  properties,  and  general  analysis.  A discussion  ol  those  routines  was 
included  in  the  Interim  Ke]x>ii. 

Tip,  I .end  ing  and  Trailing  Fdgc  Part  Del  in  it  ion 

The  tip,  leading  edge,  ;uul  trailing  edge  part  delir.ition  routines  deline  the  detail 
parts  making  up  the  I ixcd  leading  edge,  fixed  t railing  edge,  slats,  flaps,  foreflaps, 
control  surfaces  (spoilers,  ailerons,  rudder,  and  elevators),  and  lips.  The  data 
that  is  generated  includes  die  number  of  parts,  part  dimensions,  weight,  and  cost 
parameters.  The  parts  definition  derives  its  input  from  previous  geometry  tuul 
analysis  subroutines. 

Co  m pul  or  Program 

The  program  is  computerized  in  a series  of  modularized  subroutines,  developed  for 
the  C1)C  G tOC  computer  and  now  operational  on  the  GGOO,  to  define  geometry,  perform 
structural  dialysis,  and  develop  part  definitions  for  aerodynamic  surface  leading 
edge,  trailing  edge  tuul  Ups.  A listing  of  these  subroutines  has  been  made  available, 
separately. 

a.:i  Cb.MPl  TFK  PKOGILA.M  f'()H  DKYK  L<  >!\\I  KNT  OK  F-N-L  WFIC.IITS 

The  Computer  Program  for  Development  of  Aircraft  Fuselage,  Landing  Gear  and 
Nacelle  Weights  is  newly  developed  under  this  contract  for  the  synthesis  of  supjjorting 
data  lor  lusclagc  primary  tuul  secondary  structure,  nacelles  tu\tl  I tuul  ing  gettr  cost 
estimating.  Since  >t  has  not  been  previously  reported,  a complete  description  is 
provided  as  Appendix  0. 

As  shown  m Figure  20,  this  program  uses  as  input  the  output  of  APAS.  Thus  the 
program  is  subject  to  any  limitations  imjioscd  by  APAS.  Appendix  1J  is  in  the  form 
of  a subreport  isince  the  doeument  has  previously  been  issued  as  an  internal  report). 

It  contains,  as  an  apjxjndix,  a program  listing  describing  the  computer  program 
used. 
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Figure  (H  . Secondary  Slrui  iuiv  Synthesis. 
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The  existing  cost  (‘.‘■'1 1 mat  ing  lechn  iqiie  is  ;nl:ipiiil  In  ;i  mull  i station  si  rueturu! 
synthesis  nppi  oneh , ;i  !ia  .->  I in  n ( Us  ■<  ■ i ibed  ;tl  x >vi 1 . 1 : i > I this  appn  > ; u - 1 ) limits  I la  ■ 

capability  o|  die  esl  i mal  ing  lechn  iqiies  since  it  relies  on  a.  In  am  analysis  that  i.~  nut 
applicable  In  all  tvpes  ol  structure:  ticlta  wings  and  complex  luselage.  being 
ex  in  pics  ol  important  exceptions.  Flint''  elem>m  ;,i  rurlut  ai  suithe-a.,  ha  iieeii 
in \ estimated  « iu l ino  the  course  ot  this  study  as  an  additional  mode  oi  . ip<  t at  ion  which  it 
was  hoped  would  provide  enhanced  structural  analyst,  eapabii  itv  and  an  expanded 
cost  esl  inciting  capability  . 

In  general , si  ru<  u res  can  be  se  pa  rated  into  two  classes  based  on  the  criteria  m 
continuity  and  the  existence  ot  a reasonable  well  delined  elastic  axis.  It  a candidate 
structure  ha  these  eharaete rislies , U may  be  modeled  as  a beam  and  the  internal 
loads  (list  ribut  ion.  calculated  by  well  known  beam  theory  and  equations.  I his  class 
ol  structures  is  suceesslully  treated  by  multi  station  synthesis  programs.  High 
asjieel  ratio  winy;  and  tail  surlaees  are  typical  examples. 

I he  second  class  ol  structures  eiuinot  be  charaeteri/.ed  as  beam  like  eitiier  because 
ol  discontinuities,  such  as  die  cut  outs  lound  in  lust  lage  structures,  or  the  absence 
ol  an  elastic  axis  typified  by  low  as|H‘et  ratio  surlaees,  della  wings  or  plates,  in 
temal  loads  lor  this  second  class  of  structures  will  not  yield  to  solution  by  con- 
ventional beam  theory.  Finite  element  methods  can , however,  lie  used  to  predict 
the  internal  loads  distribution . 

The  proper  elassil ication  of  a structure  or  the  compromise  in  assuming  that  it  tails 
in  one  class  or  another  is  not  always  obvious.  There  is  a signi I leant  difference  in 
the  form  and  complexity  of  models  lor  the  two  systems.  Math  models  lor  multi- 
station synthesis  are  much  simpler  than  those  requi  red  lot  Unite  element  methods, 
the  I mite  element  approach  is  far  more  general  than  the  multi -station  method  and 
;uiy  structure  amenable  to  synthesis  by  multi-station  methods  could  be  handled  by  a 
finite  element  program.  The  reverse,  however,  is  not  true. 

From  the  stand|>oiiU  ol  the  development  ol  cost  estimating  techniques  the  inabilitv  to 
deal  with  delta  wings  and  complex  luselagcs  is,  ol  course,  i signilicant  limitation, 
lneorixiralion  of  a finite  element  synthesis  procedure  in  the  eosling  loop  was  eon 
side  rod  at  the  inception  ol  this  study  to  be  dependent  upon  a choice  to  be  made  in 
synthesis  methods  required  ;uid  in  the  state  ol  development  of  the  Unite  element 
method.  It  was  also  recognized  that  the  capability  was  more  important  to  fuselage 
synthesis  than  to  wing  synthesis.  Kesults  of  the  study  indicate  that  incoiqioralion  of 
the  finite  element  method  is  beyond  the  scope  of  the  present  e fieri  in  terms  ol  working 
out  the  cost  estimating  interlace,  in  view  ol  tin*  lurther  development  of  the  synthesis 
method  needed  prior  to  its  use,  and  in  view  of  the  additional  development  of  we i gill 
correlation  factors  required  for  reconciliation  of  idealized  and  actual  structural 
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weights.  I so  ol  the'  Unite  element  ;i|iproneh  also  re(juires  consideration  of  the 
question  ol  compatible  input  data  for  the1  secondary  structure  weight  analysis  as 
currently  used.  Knell  < >1  these  problem  areas  is  discussed  below. 

I In  .-tali'  ol  its  development  and  its  suitability  are  key  questions  in  the  use  ol  finite 
i lenient  synthesis  in  a cost  estimating  procedure.  During  the  course  ol  this  study, 
an  1KA1)  program  has  been  underway  to  evaluate  Unite  element  structural  synthesis 
approaches.  A (ieneral  Dynamics  Unite  element  synthesis  program,  coupled  with  ;i 
lully  stressed  resizing  algorithm,  was  selectee1  lor  demonstration.  Several  finite 
element  programs  were  re\  iewed  leading,  to  the  selection  of  the  SR-7  program  for  the 
methodology  demonstration.  Characteristics  id' this  program  that  favor  its  selection 
a re 

a.  ( tverall  level  ol  ret  moment  consistent  with  predesign  task:  The  element 
library  is  adequate,  var  his  material  options,  boundary  condition  and  external 
load  delinitions  permit  reasonable'  description  ol  structures  without  encumbering 
the  program  si/.e  w i til  seldom  used  features. 

b.  Program  Si/e:  Computational  costs  are  highly  de|x»ntlent  on  the  local  install- 
ation details.  Core  usage  is  almost  always  an  independent  variable  in  the  cost 
algorithm.  Three  versions  of  SH-7  have  been  prepared  that  accept  models  of 

1 GO  nodes,  200  nodes  and  .’1-10  nodes.  This  places  some  constraint  on  the 
amount  of  detail  that  etui  be  included  but  it  has  been  fount1  ;■>  be  adequate  for 
most  predesign  tasks. 

c.  Solution  K fieiency:  Computational  time  is  anotner  major  independent  variable 
in  cost  algorithms.  The  particular  method  used,  a Gaussian  decomposition,  is 
one  of  the  faster  methods  for  solving  systems  of  simultaneous  equations. 

d.  familiarity  with  Program:  A learning  period  is  required  by  all  finite  element 
programs.  Capabilities,  special  features  tuid  pitfalls  cannot  bo  properly 
appreciated  without  attempting  a few  applications.  An  in-house  program  has 
;ui  advantage  in  this  regard. 

e.  Access  to  Source  Deck:  Ability  to  work  directly  with  ti  source  deck  is  highly 
desirable.  'I  he  effect  of  changes  can  be  quickly  determined.  Some  programs 
are  proprietary  property  of  the  authors  anti  otuuiol  be  altered.  Source  logic 
is  unavailable  in  some  insltuices. 

1.  Adequacy  of  K lament  Library : The  typos  of  elements  offered  determine  the 
power  of  simulation  of  the  model. 

Two  advanced  designs,  a delta  wing  and  a complex  figl.it  ••  fuselage  were  usetl 
in  the  investigation.  Models  were  prepared  and  run  using  approximately  the 
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level  nl  geometry  :uul  loads  inl<>rm;tli<>n  ava i 1 able  at  the  stage  ol  design  deve 
lupment  that  a synthesis  program  could  lx-  most  profitably  employed . 

Illustrating  that  fiime  clement  structural  synthesis  is  in  the  development  stage,  some 
characteristics  of  SU-7  were  (>vjxise«l  that  could  he  considered  disadvantageous. 

a.  No< le  St ahi  1 i t y : The  present  program  requires  all  node's  to  he  supported  in  three 
directions,  either  by  structural  members  or  boundary  conditions.  A dummy 
element  can  he  used  to  overcome  this  instability  but  this  introduces  other 
disadvantages:  the  extra  member  to  be  analyzed  is  inefficient  and  there  is  no 
way  to  avoid  a resizing  loop. 

h.  Number  of  Loading  Cases:  A maximum  of  four  loading  eases  can  he  run.  Since 
member  information  must,  be  stored  for  comparison  and  summary  purjxtses 
increasing  the1  number  of  conditions  would  increase  the  required  machine  core. 
Extensive  format  changes  would  also  be  required. 

e.  Kxtc rnal  Subst  rueturing:  The  solution  method  relics  on  a "bunded"  stillness 
matrix.  The  user  must  order  the  input  properly  ;utd  observe  a limitation  on 
the  numerical  node  separation. 

d.  Output  format:  An  option  to  limit  or  select  the  particular  information  of 
interest  would  be  a useful  feature.  The  present  output  is  repealed  for  each 
member,  for  each  load  condition  for  each  iteration  and  tends  to  overwhelm  the 
iser.  Program  termination  is  controlled  bv  a preset  number  of  iterations. 
Weight  summaries  lor  the  first  lew  loops  and  detailed  information  for  the  last 
two  cycles  would  probably  he  adequate  lor  most  titers. 

e.  Documentation : Program  SK-7  is  an  intermediate  step  in  the  continuing  deve- 
lopment of  finite  element  synthesis  programs,  unci  while  very  useful  as  a 
developmental  tool,  it  is  not  expected  to  be  accorded  production  status  or 
exist  long  enough  to  justify  full  documentation. 

In  general,  structural  synthesis  using  finite  element  methods  for  the  distribution  of 
internal  leads  can  be  applied  to  virtually  any  design  configuration,  and  restrictions 
on  the  t\qxj  ol  structure  associated  with  multi -station  synthesis  are  removed. 
However,  model  preparation  and  organi /alien  of  input  data  are  more  complex  tasks 
with  Unite  element  methods  than  with  multi  station  programs. 

The  process  can  be  used  to  produce  a rational  distribution  of  structural  material. 
Optimality  of  the  design  depends  in  part  on  the  redesign  algorithm.  Trade  studies 
may  be  conducted  to  study  the  efleets  of  various  material  and  geometric  changes. 
Program  operation  is  quite  similar  to  conventional  finite  element  analysis.  Con- 
vergence to  a theoretical  structural  weight  is  possible  in  two  to  three  cycles. 


N;-.  umption>  : li  ■<  1 si  mpl  it  icnl  i t «n  :>  introduced  by  the  m<  nlcl  in  jy  process , particularly 
"lumping",  redu<  c the  visibility  ami  detail  that  ran  br  extracted  ler  individual 
elements.  It  i possible  to  incorporate  failure  criteria  that  consider  structural 
.-tabild\  alt  hough  a detailed  model  lor  refined  unlumping  technique)  is  required  to 
eparatc  the  elemental  variables  such  as  Mange  widths  and  thicknesses. 

• idler  lailtire  modes  involving  dynamic  and  flight  salety  criteria  are  extremely 
difficult  to  generalize.  Studies  are  be  in  g done  in  these  arias  and  ultimately  method 
oloey  will  be  de\  eloped.  Dynamics  and  flight  salety  speei  I ieations  will  have  to  be 
available  early  in  the  design  cycle  for  proper  integration  with  static  strength  re- 
quirement s . 

Computational  costs  are  two  to  five  times  those  of  the  mult  i - slat  ion  process.  Model 
preparation  and  coding  ol  input  data  are  also  increased  by  approximately  the  same 
proportions. 

Finite  element  synthesis  development  lias  benefited  from  prior  wors  with  multi 
station  programs.  There  are,  however,  major  differences  in  some  areas  that  will 
require  additional  research  and  development  before  finite  element  methods  reach 
the  same  level  of  refinement  now  available  with  multi  station  programs. 

Finite  element  analysis  programs  are  benefiting  from  continuous  development  and 
relinement.  Features  such  as  automatic  orgtuiization  of  the  element  data  to  prepare 
the  stillness  matrix  for  efficient  solution  are  available  in  most  cf  the  recently 
released  programs.  In  addition  to  relieving  the  user  of  this  resixiusibil ity  improve- 
ments are  usually  noted  in  total  problem  turnaround  because  a source  of  input 
errors  has  been  eliminated.  The  actual  mechanics  o!  the  computations  are  also 
being  refined  ttnd  processing  times  (and  costs)  are  being  : educed.  It  is  felt  that 
lutiire  development  work  should  be  based  on  tut  analysis  package  having  these 
leatures : 

Program  Mix:  1 ser  experience  with  Unite  element  analysis  programs  has  indicated 
that  elficient  processing  is  obtained  if  a library  of  programs  is  available.  A mix 
ol  three  programs  ol  dillering  si/.es  and  complexities  appears  to  be  adequate  for  the 
range  ol  structural  analysis  problems  that  are  commonly  encountered.  A similar 
philosophy  should  In'  considered  for  finite  element  synthesis  programs.  A program 
salislaelory  lor  a typical  prude  sign  tiade  study  should  not  be  expected  to  produce 
highly  refined  design  data. 

Itc.siy.ing:  Resizing  or  redesign  algorithms  should  be  consistent  with  the  program 
application.  The  fully  stressed  design  used  by  SR-7  is  useful  and  generally  adequate 
for  predesign  type  work.  Ability  to  unlump  the  structure  and  identify  'airious  ele- 
mental failure  modes  will  be  required  for  more  advanced  synthesis  applications. 
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I ;nlur<  ( ' r it  e m:  failure  criteria  other  than  static  strength  requires  a great  deal 
!ihm'(  work.  Philosophy  and  methods  ol  tailure  idcntit  ieal  ion  lor  doth  flight  salety 
ajnl  dynamic  phenomena  do  not  presently  have  the  same  del  in  it  i ,'eness  that  has  hern 
ih  eloped  lor  static  strength.  Similarly  the  appropriate  corrective  action  lor 
lailure  mndrs  other  than  static  strength  are  extremely  dill  i<  ■ u 1 1 to  generalize. 

Studies  in  these  areas  should  lie  monitored  lor  jxissible  appl  icadilily  to  finite  (dement 
■\  i.iht  sis  procedures. 

I . lenient  1 .ibrary  : Synthes,  i .o-rams  should  have  consistency  between  the  redesign 
algorithm  and  the  (dement  bbraiy.  II  a fully  stressed  redesign  strategy  is  to  be 
used  then  a rather  simple  element  library  will  scire  Since  in;  ny  aerospace 
structures  use  reinforced  sheets  in  thei r construction , (dements  (axud  iuu I shear 
eurryingi  that  < o dd  re|  resent  linearly  varying  stress  conditions  would  prove  uselul. 

A pressure  resistant  panel  or  membrane  is  another  |x>ssible  library  addition. 

During  the  course  of  the  study  and  application  ol  the  program  to  practical  design 
problems  several  deficiencies  were  revealed.  These  items  were  of  a general 
enough  nature  ins  distinct  from  program  |x‘cal iai dliest  to  warrant  inclusion  in  a list 
of  recommendat ions. 

thermal  Loads:  Any  future  candidate  should  include  the  ability  to  compute  loads 
introduced  .nto  the  structure  by  thermal  distributions. 

Number  of  Load  Cases:  Kach  additional  loading  condition  ine i eases  the  run  time  and 
computational  ex|x:nse.  .Judgement  is  required  to  select  the  critical  eases  lor 
analysis  to  a reasonable  number.  The  demonstration  program  allows  four  loading 
conditions.  Any  future  candidate  should  be  capable  of  analyzing  f>  to  It)  loading  eases. 

SupiMirt  s : A commonly  made  imxtebng  oversight  is  the  inclusion  of  meelumisms  or 
unstable  nodes  in  the  structure.  This  I r quoin ly  results  from  failure  to  prm  idc 
propel-  model  sup|x>rt  normal  to  the  phuie  ol  loading.  In  the  actual  structure  such 
stiffness  is  supplied  bv  member  bending  resistance.  A typical  example  is  a frame: 
applied  ;md  internal  loads  of  interest  are  usually  in  the  phuie  ol  the  frame,  some 
bending  stillness  normal  to  this  plane  exists  but  it  is  not  the  concern  of  the  analysis, 
bather  than  abort  the  job  a support  could  be  automatically  installed  and  reported. 

This  would  be  more  efficient  Ukui  the  installations  of  "dummy"  members  to  provide 
stabilization. 

Analysis  of  the  program  output  indicates  that  useful  design  information  turn  be  pro- 
duced. Com|K>nent  and  total  structural  weights  reflect  the  idealized  structure  but  are 
acceptable  for  making  design  comparisons  ;uid  trade  studies.  Problems  arise, 
however,  in  reconciling  idealized  and  actual  structural  weights.  Weight  correlation 
factors  offer  some  possibility  for  use,  although,  if  the  structure  is  complex  enough 
to  necessitate  analysis  by  finite  element  methods,  general  correlation  factors  are 


noi  likely  hi  lx-  sat  i slat-lory  Thus  a task  ol  considerable  magnitude  is  foreseen  in 
developing  a means  nl  t ranslat  mg  the  theoretical  weight  produced  by  me  structural 
synthesis  program  tn  ;ut  estimate  nl  real  weight,  J hc>  exact  nature  and  magnitude  ol 
this  task  is  dependent  ii|x>n  the  finite  element  program  selected. 

In  considering  the  cm  t est  hunting  sup|x>rl  problem,  the  need  lor  a structural 
synthesis  capability  beyond  that  a I lorded  by  the  multi  station  approach  is  much 
greater  Ibr  the  analysis  of  the  fuselage  than  for  aerodynamic  surfaces.  It  is  not 
clear,  however,  that  the  finite  (dement  method  e:m  successfully  fill  the  void  within 
the  context  ol  a pro  design  process.  I'sing  a small  number  ol  nodes,  while  holding 
down  the  cost  ol  the  analysis,  does  not  give  resolution  to  structural  details  such  as 
shapes,  thicknesses  and  other  dimensions  that  (as  well  as  the  aforementioned 
urn  rrtainty  in  weight  predictions!  play  a part  in  costing.  Increasing  the  scope  of  the 
.utalysis  by  ident  dying  additional  mxle  points  increases  the  program  cost  as  wed;  as 
i ei|iii  ring  add  it  ional  design  information  for  node  identification.  Modeling  can  be 
accompl  isheil  lor  local  load  conditions.  This  gives  rise  to  additional  program  runs 
and  additional  output  data  but  still  only  delines  cross-sectional  areas,  future 
developments  in  Unite  element  synthesis  may  al'eviate  objections,  .uid  the  monitoring 
ol  development  progress  lor  jxissible  lulure  incorjxn’ation  is  suggested. 
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Traill*  study  and  sysli*m  study  test  eases  were  estimated.  In  each  ease  the  test  ease 
aircraft  was  the  B--5S.  Tht  test  eases  were  part  of  a required  method  demonstration. 
T his  demonstration  was  to  include: 

a.  The  lest  ease  estimates 

I).  Installation  of  the  computer  program  on  AF  FDD's  ('DC  (loot)  computer  at 
Wright  Patterson  Air  Force  If:  sc 

r.  Presentation  of  the  method  and  instruction  of  interested  personnel  in  program- 
ming and  execution. 

The  installation  at  AFFDL  has  been  accomplished  over  a periixl  of  time  by  personnel 
of  the  Cost  and  Weight  Analysis  Group,  Structures  Division,  with  the  contractor 
supplying  the  necessary  programs  ;uul  assist. 

On  Pi-Pi  February  11)75  a two-part  final  presentation  on  the  contract  was  made.  The 
first  part  was  a summary,  overview  presentation  on  the  results  ol  the  cost  model 
that  has  been  developed.  The  second  part  was  designed  for  individuals  who  were 
interested  in  the  mechanics  of  the  models  and  the  computer  program.  Test  cas' 
results  were  also  discussed  as  part  of  that  presentation. 

The  objectives  of  tne  lest  eases  can  be  summarized  as: 

a.  Debugging  of  the  computer  program. 

b.  Verilii  ation  ol  the  estimating  logic. 

e.  Providing  a reference  for  the  coordination  of  the  installation  at  AFFDL. 

(L  2 SFLFCTK  >N  OF  TKST  CASK 

Originally  it  was  planned  to  perform  test  ease  estimates  of  two  different  types  of 
aircraft.  This  was  reduced  to  one  becuase  of  a desire  to  minimize  the  reduction  to 
the  cost  data  base  and  because  of  the  cost  involved  in  developing  the  necessary  input 
data.  The  principal  criteria  in  the  test  case  selection  was: 
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;i . Tin-  ava i I.ilii  I i 1 \ o'.  t « • hn  ical  • I ; i • : i . 

1 1 . The  :i'.  :i  ilaliil  it  \'  i il  cost  data  . 

e.  I ln-  ncril  lor  it  to  hr  one  <>l  tin-  contractor's  own  uire- .ill . 

C hoice  ol  llu-  11  > was  sup]H>rted  hy  the  : t v : i il abi I i ly  ot  results  I mm  ;i  NASA  landed 
cost  i l:it a study , Ket'er cnee  In.  '1  i -chn ical  data  lor  the  If  -58  program  were  ol )t timed 
trom  lour  general  sources;  ill  It  58  Cost  Data  Sjudy  Report,  Referenc'’  In:  i'Ji  It  fjs 
Cost  ilistorv:  uh  Actual  Weight  tuid  Balance  Repot  lor  It  5sA  dtomher  Airplane), 
l-'/'A  -I  Otis,  lu'lci’cncc  Kitaiul  i h other  internal  comptmy  data  sources.  Theli-5s 
Cost  1 1 i s to  r\  is  a speeilie  internal  document  prepared  : i s part  of  the  company's  on 
going  cost  resea rch . 


( >lhcr  candidates  were  considered  hut  were  not  selected  lor  various  reasons.  The 
V 1 1 IA  was  a candidate,  hut  the  cost  of  collecting  comparative  actual  data  was 
beyond  the  budgetary  limits  of  the  study. 

Test  t we  estimates  have  been  performed  for  each  of  the  two  estimating  methods 
using  me  cost  model  computer  program  ;uul  the  results  from  inns  of  the  supposing 
synthesis  programs,  in  the*  ease  of  the  trade  study  method.  Printouts  from  these 
runs  have  been  used  to  illustrate  the  methods  in  this  volume  ;md  in  Volume  II.  The 
steps  taken  and  the  information  gathered  in  setting  up  the  demonstration  runs  is 
described  in  Volume  II,  Section  IV. 

The  results  of  the  trade  study  and  system  runs  cannot  be  directly  compared  since 
they  are  set  up  in  different  time  frame's:  the  trade  study  method  estimates  histori- 
cal costs  using  a composite,  then  year  labor  rate,  whereas  the  system  cost  estimate 
is  made  in  1 1)7 -1  dollars.  The  trade  study  method  estimates  labor  ;uid  material 
separately,  so  that  by  applying  the  appropriate  labor  rate  and  material  cost  factor, 
economic  escalation  is  taken  into  account.  Some  ambiguity  occurs  in  the  ease  of 
material  cost,  however,  since  the  historical  data  typically  intermingles  production 
material  associated  with  struct  c and  purchased  parts  assoc iatod  with  the  functional 
subsystems. 


15.  "11  58  Aircraft  Cost  Study  for  NASA,  Manned  Spacecraft  Center ,"  General 

Dynamics/Convair  Aerospace  Division  (l  \V(),  Report  K ZM -59:14- 1 , dated 
May  PITS. 

1G.  "Actual  Weight  and  Balance  Report  for  B-58A  (Bomber  Airplane),  "Ceneral 
Dynamics/ Port  Worth  Division,  Report  l'ZW-4-038,  dated  1 May  1901. 
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i f'  e system  i'o;  t csl  i m;il  ini;  I actors  were  developed  Inmi  a da  la  base  Dial  had  been 
;i  l,i  ,dc(l  In  1!)7U  dollars.  An  inflation  adjustment  was  a|>pl  iod  to  these  results  to 
■.  ('in  ert  lo  1 !)7-l  dollars.  Doing  back  to  Die  l!)7n  data  base,  or  any  intervening  year, 
(‘quires  only  a simple  series  ol  I-  card  changes.  However,  moving  back  to  ;uiv 
1‘arliei'  period  would  require  a more  compi  ehenai\ c adjustment  to  Die  data  base. 

For  the  usual  estimating  munition,  estimates  will  be  made  ii.  die  current  lime  Irame, 
and  comparisons  of  die  results  trom  the  methods  can  be  made.  Making  a comparison 
in  tli(‘  ease  of  the  B - As  would  be  lime  consuming  and  still  not  conclusive  due  to  the 
diltieulties  in  det er m in inu.  precise  escalation  adjustment  faetoi 

The  demonstration  eases  as  presently  sol  up  provides  a comprehensive  test  ol  IxTli 
methods.  An  imalysis  ol  eslimales  and  a comparison  lo  aetua’s,  both  Irom  the  B-5S 
aireralt  ;uid  other  aircraft,  at  subsystem  and  derailed  levels,  has  been  accomplished 
;uid  is  re]iorted  in  this  volume. 

(>.:*  TRADF  STt'DV  DOST  KSTI MAT F - INPF'IS  AND  HFSt  l.TS 

One  of  the  pur|x>ses  o'.  \'olume  II  was  to  describe'  how  to  make  ;ui  estimate  using  the 
two  methods.  To  that  end  a description  of  the  method,  a set  of  input  tables  and  the 
resulting  estimates  lor  the  B -AH  test  case  are  shown  in-  dial  volume.  A complete  set 
of  estimates  arc  given.  Various  parts  ol  the  estimate  are  used  for  illustrations  so 
that  the  set  apjiears  throughout  the  volume.  A table,  Table  M 1,  locating  each  of  the 
items  ol  output  data  is  given  in  Appendix  M of  Volume  11.  ’The  NAMF. LIST  variable 
input  values  used  are  shown  in  the  form  ol  a computer  printout  in  Appendix  B with  a 
dictionary  of  variables  in  Apjxintlix  1)  (BcUi  Vol.  Hi. 

The  steps  involved  in  enveloping  input  data  are  outlined  in  Volume  II,  Section  4.1. 
lnjjut  development,  although  prescribed,  involves  some  element  of  judgment  or 
special  study.  For  example,  the  development  of  inputs  for  the  lest  ease  included  a 
review  of  the  technical  delads  of  the  basic  structure  based  on  information  contained 
in  Reference  15.  .lodgment  is  also  involved  in  die  application  of  labor  rates.  In  the 
usual  procedure,  it  would  be  necessary  to  project  these  into  a future  time  frame 
requiring  an  estimate  of  the  values.  For  the  test  ease  it  was  necessary  to  estimate 
the  time  reference  for  die  empirically  derived  labor  ride. 

In  evaluating  estimating  results  i1  would  have  been  desirable  to  make'  comparisons  at 
tilt'  detailed  level  of  the  various  estimating  formats  referenced  in  Table  M-l.  This 
was  not  possible  inasmuch  as  actual  data  was  not  available  at  that  level  of  detail. 

The  following  comparisons  have  been  made,  however: 

a.  First  unit  manufacturing  hours  at  the  subsystem  level. 


b. 


Basic  structure  design  engineering  hours  at  the  subsystem  level. 


e . I o«>l  manulartur  iny  hours  ;it  the  subsystem  level. 

8.  An  examph  nl  ;i  dela i led  eompa ri son  Ini'  rib  detail  lubrication  hours,  B-5H  to 
oilier  ;ii  re  rail . 

The  lirst  ol  thm-c  comparisons  is  Town  in  Figure  02.  The  subsystems  compared  are 
the  winy  AVi,  the  fuselage  tlT,  the  nacelles  iN  i , anti  tile  verlieal  stabilizer.  The 
svmbols  lAiantl  iFl  represent  actuals  and  estimates,  respectively.  Parallel  lines 
illustrate  the  sealing  assumed  in  the  ( lilt.  Kstimates  are  lower  than  actuals  in  each 
ease  except  lor  the  verlieal  stabilizer.  This  same  data  plus  the  (icrcentaye  that  the 
estimates  vary  I com  the  actual  is  shown  in  Table  9. 


Table  9.  Kstimates  and  Actuals  lor  l irst  Knit 
Manulaeturiny  Hours. 


Hardware  Klement 

Weight 
i lbs.  i 

Actual 

llrs. 

K st  i mated 

Ill'S. 

Kstimatc/ 

Actual 

Winy 

1 2 , 080 

827 , 57  1 

804,081 

. 98 

Vertical  Stabilizer 

1 ,;i4(i 

T'S , 27  5 

‘H),  092 

1.22 

Fuselage 

5,174 

505,028 

247,104 

. 08 

Nacelles 

4,075 

171,887 

149,251 

.87 

The  second  comparison  lor  basic  structure  desiyn  engineering  is  given  in  Table  10. 
At  the  total  basic  structure  level  the  correlation  factor  of  estimate  to  actual  is  very 
I nod  However,  considerable  variation  is  noted  at  the  subsystem  level. 

The  comparison  tor  tool  manufacturiny  hours  is  shown  in  Table  11.  Less  variation 
Is  evidenced.  It  was  felt  in  both  of  these  cases  that  the  data  base  was  not  sufficiently 
large  'o  warrant  the  use  of  formal  statistical  measures  of  predictive  error. 

An  example  ol  a detailed  level  of  comparison  is  shown  in  Figure  08.  A series  of 
such  comparisons  was  made  where  the  detailed  estimate  for  the  B-58  is  compared  to 
the  unadjusted  actuals  for  tne  same  elements  of  hardware  from  other  aircraft  pro- 
grams. 


0 . 4 S VST  KM  S'l't'DY  COST  KSTLMATK  - IN  PFTS  AND  RKSKLTS 

The  steps  involved  in  u.-veloping  inix.it  data  for  the  test  case  are  outlined  in  Yo'nme  11, 
Section  4.2.  Appendix  K,  Volume  11,  contains  a printout  of  inputs  used  and  a 
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I-abor  Hour: 
lOOO'si 


I 00(1 


100 


l():)0  10000 
Weight  (Lbs) 


100,000 


Figure  G2.  Demonstration  Results  - First  Fail 
M tutu  lac  luring  Labor  Hours. 
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Table  It),  basic  Si  rurtu re  Design  Engineerin jj;  - 
(To  F i I'st  !■' light ) 


Actual 

(M  i!  1 ions  of  llou rs) 
list  i mated 

Estimate 

Actual 

Wing 

. r>47 

. 7,27 

. 00 

Vert iral  Stabil iy.er 

. OH  4 

. 002 

.74 

Fuselage 

. 27  5 

. 4: 12 

1 . 57 

Nacelle 

. 1 1)1) 

. 297 

1 . 49 

banding  Clear 

. It) 

. 17 

. 89 

Totals 

1 . 2!) 5 

1 . 288 

. 99 

Table  11.  'l'ool  Manufacturing  - 
(M  ill  ions  of  Hours) 


Ac  tv  al 

Estima  tod 

Estimated/ 

Actual 

Wing 

2.  01 

2. 1 

1.04 

Vertical  Stabilizer 

. 25 

.17 

.68 

F uselage 

2.  2 

2.08 

.95 

Nacelles 

. 81 

.98 

1.21 

Totals 

5.  27 

5.83 

1.01 

NAMELIST  variables  dictionary  for  each  of  the  categories  of  cost  estimated. 

Possible  comparisons  of  estimates  to  actuals  are  more  limited  in  the  case  of  system 
cost  estimates  because  these  have  included  an  escalation  factor  to  bring  the  results 
towards  what  current  costs  would  be.  First  unit  manufacturing  costs  are  estimated 
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in  dollars,  combining  labor  and  material,  escalated  to  1 97  a ilnl  la  rs . Also,  level  oi 
di-tail  is  the-  subsystem  el  i minat  ing  the  < ompn  rison  at  the  component  level.  This 
leases  lor  comparison  engineering,  ;uul  tooling  hours. 

In  the  ease  of  engineering  there  are  differences  in  method  Detween  trade  and  system. 
In  the  lit  -i  the  ('Kit  torm  is  based  on  equation  <2.‘b  ol  the  trade  study  series.  The 
term  I. II  is  defined  as  the  product  ol  an  estimating  coefficient  and  a complexity  factor 
;uid  the  applieation  ol  Complexity  is  external  to  the  model.  Fit  is  a NA  M F 1 TST 
variable.  In  tin-  ease  ol  the  system  mellnxl,  the  (FK  is  based  on  e(|uation  ll)  of  that 
series:  and  both  a complexity  factor,  as  a NAM  MUST  variable,  and  an  estimating 
coefficient,  as  an  1 card  input,  are  used.  For  the  system  estimate  an  estimate  of 
B-5s  complexity  was  introduced.  Configuration  design  engineering,  although  defined 
the  same  in  both  eases,  is  estimated  differently  depending  on  the  definition  of  the 
ai  rf rattle . 


estimated  to  actual  engineering  hours  compare  as  follows: 


Actual 


estimated 


engineering  hours  to  end 
of  development: 

Structures  duel.  Support)  2,690,000 

engineering  hours  to  1st  flight: 

Basie  structure  1,250,462 

Allocated  Sujjport  engineering  1 , 000, 000 

2,250, 462 

estimated  to  end  of  development: 

1st  flight  limes  1.4  3,150,000 

Percentage  variation:  Predicted-actual  or  2,150,000-2,690,000 

Actual  2,690,000 


hi  die  ease  ol  tooling,  the  differences  in  method  are  similar  to  those  in  engineering. 
Tooling  estimates  are  develojied  from  an  initial  estimate  made  for  basic  tool  nuinu 
faeturing  hours.  Rate  tool  manufacturing,  basic  tool  engineering  and  rate  tool 
engineering  hours  are  derived  as  factors  of  that  initial  estimate.  This  C F,R  is  based 
on  trade  study  equation  (28).  The  term  TMF  is  defined  as  tin-  product  of  :ui  estimating 
coefficient  and  a complexity  factor,  which  in  the  ease  of  the  system  method  are 
explicitly  defined  (from  system  method  equation  (8).  Table  6 has  been  developed  for 
TMF  values  for  use  in  the  trade  study  method.  Use  in  the  system  method  of  the  set  of 
values  at  complexity  1.0  (regular  supersonic)  as  the  estimating  coefficient  and  the 
appropriate  complexity  factor  gives  the  same  estimating  results  as  for  the  trade 
study  method. 
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A series  ;>!  sub-studies  was  a pari  of  the  contractual  requirement.  These  studies 
were  separable  from  the  mainstream  eflort  tuid  are  reported  in  this  section. 

7.  I APPLICATION  OK  INTK IIACTIVK  GRAPHICS 


Interactive  graphics  has  been  investigated  for  application  to  each  of  the  estimating 
methods.  It  does  not  app< i:i r to  be  relcvtuif  to  the  system  costing  method  because 
this  method  is  used  for  costing  of  point  designs  rather  than  in  an  iterative  mode  and 
because  it  is  not  tied  into  suppirling  synthesis  programs,  where  the  greatest 
potential  lor  its  application  is  believed  to  lie. 


In  the  ease  ot  the  ti  tule  study  estimating  method,  consideration  of  its  application  is 
felt  to  be  premature  lor  the  same  reason  that  computer  integration  has  been  kept  on 
a mtuuuil  basis:  the  program  is  still  in  a formative  stage  and  stand  alone  operation 
simplifies  ehtutges  to  the  various  programs.  I pon  attaining  a completely  integrated 
cost  estimating  program,  interactive  graphics  should  be  considered  in  view  of  the 
lol lowing  bene! its; 


a.  Graphical  or  pictorial  displays  of  input  data,  intermediate  results,  turd  final 
miswers . 

b.  Pro  stored  messages  to  direct  the  user. 

e.  The  cost  tutalyst  and  the  designer,  together,  etui  converse  directly  with  the 
computer  during  the  design  process. 

d.  The  problem  solving  process  is  highly  rosixinsive  and  etui  be  conducted  in  an 
un interrupted  manner. 

e.  <*n-linedala  retrieval. 

f.  The  user  can  concentrate  on  problem  solutions  rather  thtui  computer-related 
difficulties. 

g.  Input  errors  are  not  lata!  since  the  data  base  etui  be  reviewed  and  modified 
from  the  terminal. 

h.  Problem  solving  time  tuid  eost  are  reduced. 


14.1 


in  Uu  me.  in  i mi'  a lime  sharing  mode  ol  opr  rat  ion  , such  as  ("out  ml  1 )ata  's  1NT  FIU  ( ).M  , 
provides  a capability  that  is  particularly  usclul  in  relation  to  tin1  basic  estimating, 
i oncepl : that  rst  imat  ing  eoeflic  irnts  may  hr  subject  to  change  as  an  ongoing  part  ot 
the  de\  elopment  « ! the  estimating  capability.  A lime  sharing  mode  permits  ;ui 
ex|H*dilious  Imndlingof  such  changes  by  permitting  recall  and  display  ot  any  model 
card  ol  the  input  data  anil  by  providing  a simple  means  of  changing  the  recalled  card 
at  a convenient  terminal.  The  precise  nature  of  the  time  sharing  system  used 
dc | Hands  upon  available  equipment.  The  Control  Data  Corporation  INTKIU'OM  system, 
operating  in  conjunction  with  SCOl’K,  provides  time  sharing  access  to  the  CONTItOl. 
DATA  CYBKR  70  Model  72,  72,  74,  or  0000  Series  Computer  from  a terminal  at  the 
central  site  or  at  a remote  facility.  The  capabilities  of  INTKKCOM  include: 

a.  The  ability  to  create,  edit  ;uul  save  programs  by  entering  source  statements  at 
tile  terminal  in  ;uiy  ol  various  languages. 

b.  The  ability  to  execute  programs  interactively:  input  can  be  typed,  output  can  be 
looked  at  on  terminal. 

c.  dobs  i iui  be  submitted  to  input  queue  for  output  on  central  printer,  punch  and 
tape  or  output  to  terminal. 

d Files  can  be  routed  to  print  or  punch  queues  at  central. 

e.  Most  SCOl’K  control  eaixls  c;ui  be  entered  from  terminal  file  manipulation. 

1.  on  line  graphics  earn  be  provided  by  Tektronics  4010  equipment:  off-line 

graphics  bv  Caleoinp  plotter. 

The  estimating  system,  as  installed  at  AFFDF,  makes  use  of  a time-sharing  system. 
7.2  OFF  I FATING  COST  R K IkOTONSI  1 1 PS 

The  scope  of  this  task  was  e him  get  l to  focus  on  the  question  of  determining  the 
t lauislation  of  weight  savings  to  fuel  savings  in  a life  cycle  context,  weight  savings 
being  a possible  consequence  of  the  selection  of  material  and  construction  typo, 
other  areas  of  interest  in  the  study  were  the  relationship  between  changes  in  type  of 
material  and  construction  and  operating  cost  items  such  as  on -equipment  maintenance, 
oil  equipment  maintenance,  and  replenishment  spares.  The  data  base  needed  to 
investigate  these  latter  items  has  been  determined  to  be  beyond  the  resources  of  this 
study. 

'1  he  translation  of  weight  savings  to  fuel  savings  can  occur  in  two  ways:  with  and 
without  resizing.  If  resizing  is  to  be  considered  this  problem  cannot  be  solved  by 
the  existing  trade  study  programs.  The  majority  of  the  subsystems  can  be  affected, 
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including  engine's. 


This  rase  is  shown  in  figure  IM. 
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figure  ()■!.  Resizing  K fleet. 


Without  resizing  the  effect  of  a weigh!  reduc  tion  car.  be  measured  lev  assuming  that, 
all  • ariables  except  range  remain  constant,  then  determining  the  improvement  in 
range,  mul  Uten  stating  a fuel  savings  ratio  as  the  original  range  to  the  improved 
range.  The  actual  fuel  savings  cannot  be  determined  from  this,  however,  without 
knowing  certain  characteristics  of  the  specific  aircraft  involved. 


Improvement  in  r;uige  can  be  determined  by  the  Hreguel  range  equation,  which  is 
written  as 


It 


where 


V 


lil./D) 

—7-  In  (W  AV) 
C o 1 


It  Range  km  (nm) 


\’  'J'rue  airspeed  km/hr  (kl) 

k/D  Li  ft -to -drag  ratio 

Thrust  specific  fuei  consumption  kg/N-hr  dbs/lb-hr) 


W Initial  cruise  gross  weight  kg  (lb) 

o 


W 

1 


f inal  cruise  gross  weight  kg  (lb). 


This  equation  is  applicable  only  to  cruise  flight  with  the  difference  between  W and 
\V  being  the  weiglit  of  fuel  used  in  Hying  the  disttutee,  R.  If,  however,  this  equation 
is  solved  a second  time  for  a range,  R , defined  as  the  nutge  resulting  from  a 
reduction  in  structural  weight,  the  fuel  savings  is  proportional  to  the  term  (1  - ll/ll  ). 


The  same  solution  c;m  be  applied  to  a final  structural  and  aircraft  weight  reduction  if 
this  has  been  determined  through  ;ui  aircraft  resizing.  However,  the  before  and 
after  values  of  V , L/D,  and  C must  also  be  known . 


If  the  cruise  fuel  weight  is  known,  then  a fuel  weiglit  per  mile  can  be  determined  for 
the  initial  condition,  range  R,  and  for  various  improved  ranges  between  R mid  R^  to 
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U>  product-  a plot  as  illustrated  in  Figure  (IT). 


Fuel  Wt 
Mill* 


Range  Increase 

Figure  Go.  Fuel  Weighl/Mile  with  Range  Change. 

7.G  ADVANCKD  STIU'C’iTRKS  AND  MATKRLALS 

This  study  considered  advmnced  structures  ;iml  materials  in  the  following  ways: 

a.  Bv  the  development  of  additional  estimating  factors  to  handle  advanced  materials 
and  construction  techniques. 

b.  By  the  development  of  projections  of  raw  material  costs  for  typical  composite 
materials. 

c.  By  the  development  of  cost  estimating  relationships  to  estimate  the  cost  of 
using  composites  as  selective  reinforcements  to  basically  metallic  structures. 

The  estimating  factors  that  have  been  developed  consist  of  complexity  factors  and 
arc  included  in  the  estimating  factor  tables  for  secondary  structure  contained  in  the 
Kstimating  Handbook  volume.  Kflorts  to  develop  similar  factors  for  primary 
structure  have  been  limited  because  of  the  lack  of  a historical  cost  data  base. 

Various  secondary  structure  comjwnenis  made  wiUi  boron  aluminum  and  graphite 
epoxy  have  been  analyzed,  such  as  wing  leading  and  trailing  edges,  ailerons,  fairings, 
spoilers,  flaps,  access  doors,  wing  mounted  air  induction,  slats,  center  sections 
and  elevators  and  rudders. 

A raw  material  cost  history  for  boron  aluminum  and  graphite  c*|>oxy  (diffusion  bonded 
sheet  and  tape  respectively)  and  a projection  of  future  costs  are  shown  in  Figure  GG. 
This  is  contrasted  to  the  projection  for  aluminum.  While  the  projection  is  for  cost 
against  time,  level  of  production  attained  is  the  real  determinant,  but  this  can 
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YKAR 

Note:  G/Tl’  & G/K  prices  are  the  same  except  tor  st  rap  return  allowance  (HO1 
sera])  at  GOC  return  cost). 


Figure  GG.  Composite  Material  Cost  Projection. 


generally  hr  assumed  to  increase  with  time. 

A method  for  esl  imaliug  the  cost  of  using  composites  as  selective  reinloreements  to 
basically  metallic  st ruetu res  was  reported  in  Reference  1.  this  method  remttins 
apjil  iettble  to  the  general  trade  study  method  as  currently  defined.  In  it,  an  in  ere 
ment  ot  added  cost  is  estimated  in  terms  of  additional  detailed  fabrication  and  sub 
assembly  labor  and  eomjx>sde  material  costs  for  primary  structure  and  ol  labor  ;utd 
material  tor  secondary  structure.  Detailed  fabrication  labor  for  primary  structure 
is  estimated  on  a weight  basis:  the  weight  of  eomjiosite  material  to  be  used.  This  is 
multiplied  by  a factor  to  take  into  account  the  type  of  composite  involved.  Sub- 
assembly labor  for  primary  structure  is  estimated  on  the  basis  of  the  area  involved. 
Doth  categories  of  labor  are  estimated  on  the  basis  of  weight  in  the  ease  of  secondary 
structure.  The  cost  of  the  production  material  for  the  selective  reinforcement, 
whether  for  primary  or  secondary  structure,  is  estimated  as  the  product  of  the 
sealed  value  of  the  eomjx>site  material  weight  times  an  aggregated  cost  per  jxmnd 
value,  reflecting  the  basic  material  cost  plus  ;m  allowance  for  serappage,  handling 
;uid  storage. 

The  principal  limit  to  estimating  the  cost  of  composites  with  the  present  method  lies 
with  the  stress  analysis  capability  encompass  'd  by  the  APAS  program.  Currently 
this  capability  is  limited  to  composite  faced  sandwich  for  skin  panels  and  to  composite 
material  with  metallic  structural  forms  in  the  ease  of  basic  primary  structure 
forms:  ribs,  frames,  spars,  longerons  and  bulkheads.  The  programmed  material 
table  for  metallic  forms  includes  NARMCO  5505  Boron-Epoxy  and  NARMCO  520(1 
tlraphite-Kpoxy.  In  addition,  the  program  provides  for  a user  supplied  composite 
material,  allowing  the  program  user  to  input  a composite  material  not  found  in  the 
material  table. 

Existing  weight  correlation  factors  are  invalidated  by  the  use  of  composites.  Ad- 
ditional studies  are  required  to  develop  factors  that  are  representative  of  composite 
stiuetures.  The  present  estimating  method,  as  it  relates  to  cost  estimating 
relationships,  handles  composites  with  the  following  limitations: 

a.  The  limited  nature  of  the  historical  cost  database,  which  consists  primarily 
ol  items  of  secondary  structure  or  experimental  hardware  in  the  ease  of 
primary  st  na  ture. 

b.  II  the  use  of  com|X).sites  serves  to  introduce  new  types  of  construction  such 
categories  are  not  necessarily  handled,  especially  in  considering  assembly 
operations . 

Designing  a new  or  modified  model  for  handling  composite  materials  would  involve: 
u Developing  advanced  means  for  handling  stress  analysis. 
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I hr  ;uli  1 it  iwnal  I'olli'i't  ion  nl  cost  data. 


i . I >'  \ clopmcnt  ol  ;i  pi  > r<  »|  > ii  1 1 • weight  co  r re  I ; 1 1 ion  lartnrs. 

d.  Ideal  ilirnlion  oi  now  l\]>esol  const  ruol ion  and  eorresjiond  ing  revision  of 
cost  estimating  relationships,  estimating  coefficients,  sealing  relationships 
an.l  eomplexitv  factors, 

e.  Assessing  the  impact  of  the  eomjxjsito  materials  mul  new  types  of  construction 
on  learning  progress  curves. 

The  decree  of  success  in  handling  composites  with  a new  or  modified  model  etui  be 
assessed  in  relation  to  the  above  activities. 

The  stress  analysis,  as  htuidled  by  the  supporting  synthesis  programs,  is  con- 
siderably complicated  by  the  introduction  of  composite  materials.  The  recommended 
approach  is  a feasibility  study  looking  into  the  types  of  construction  to  be  projected 
tunl  the  feasibility  of  stress  analysis  approaches,  which  would  involve  both  beam 
imalysis  mul  finite  element  analysis.  It  is  expected  Lhat  these  approaches  can  be 
developed,  but  the  resources  required  mid  die  complexity  of  ihe  resulting  mode! 
must  be  assessed. 

Relevant  cost  data  is  becoming  increasing  available,  although  of  course,  extensive 
production  experience  is  lacking.  Kxperi mental  hardware  is  being  increasingly 
evaluated  from  the  standpoint  of  com.  Kxamples  of  such  studies  are  shown  in 
Table  Id.  This  list  is  not  a complete  list,  but  is  being  added  to  during  the  course 
ol  tliis  study.  Applications  of  composites  and  the  attendant  data  are  in  large  part 
proprietary,  limiting  its  usability.  Also,  in  some  eases,  the  data  reflects  the 
advocacy  position  of  the  mi  dyst. 

Development  ol  weight  correlation  laetors  would  be  a sizable  task  in  mul  ol  itself. 
Definition  o'  Uie  task  and  estimates  have  not  been  undertaken. 

'1  lie  use  of  composites  complicates  the  definition  of  types  of  construction . With 
metallics  these  definitions  are  somewhat  ambiguous,  mul  with  composites  they 
would  be  even  more  so.  Types  related  solely  to  eomixjsiles  will  undoubtedly  be 
developed,  but  ike  use  of  composites  in  combination  with  metallics  is  also  in 
evidence.  The  revision  of  cost  estimating  relationships,  the  development  of  esti 
mating  coefficients,  the  reassessment  of  sealing  relationships,  and  the  development 
of  complexity  factors  appears  feasible  for  composite  structures  but  is  at  least  as 
involved  as  the  original  task  with  metallics. 

The  treatment  of  learning  curves  has  not  been  part  of  this  study  so  lhat  future 
study  should  encompass  both  metallics  mid  composites.  The  analysis  of  the  effect 
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Table  12.  Composite  Material  Studio: 
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Low-Cost  Composite  Processing  IRAD  1974  Investigation  ol  new 


<>l  h tir  ing  on  in:imi!;n  luring  rust  is  lurlher  enmplit  aled  will)  composites.  New 
mnnulietu  ring  processes  lire  m'..lved,  and  ad< I il ion:d  data  \\  i 1 1 lie  required. 

IP  srd  on  thr  :iIm>yi.‘,  i;  is  loll  that  t Jit-  trade  study  cost  estimating  method  'am  lie 
mix  iliod  lo  handle  eom|xisiles  with  a reasonable  expectation  ol  success.  Consider 
able  additional  study  is  rei|uired  to  develop  tiie  necessary  cost  data  base,  which 
must  be  proceeded  by  further  design  and  manufacture  to  reduce  uncertainty.  Weight 
correlation  ;uul  estimating  factor  ilevelopmc*nt  gradually  become  leasible.  The  most 
time  consuming  aspect  is  attaining;  the  capability  for  stress  analysis  in  a manner  that 
also  provides  adequate  design  visibility.  A separate  study  of  feasibility  is  probably 
u a minted  i n tni s a rea. 

7.1  C(  1ST  TKKNi)  DATA 

As  a part  of  the  study  the  contractor  was  to  develop  plots  ol  total  aircraft  and  air  - 
frame  cost  trend  data  and  cost  per  jiound  factors  to  supjtort  the  cost  estimating 
technique,  to  show  trends  in  costs  and  to  show  various  cost  relationships,  such  as 
cost  related  to  time,  cost  related  to  various  weights,  ;tnd  cost  per  jtound  factors  for 
manufacturing  costs  of  major  structural  components.  The  development  of  cost 
trend  data  was  divided  into  four  genera  areas  outlined  as  follows; 

a.  Plots  ol  whole  aircraft  and/or  AM  PH  structure  costs  versus  various  aero- 
nautical design  or  performance  parameters. 

b.  Plots  of  aircraft  costs  as  a function  of  time  or  economic  factors. 

c.  Pie  charts  of  aircraft  development  program  costs  as  functions  of  quantity 
produced  and  aircraft  system  complexities. 

d.  Plots  of  structural  cost  versus  weight  for  fuselage,  wing  tutd  tail  sections 
structures. 

A complete  rcqwrt  on  the  results  of  litis  study  are  included  in  Vo'unte  111, 

Hclerence  g. 


SI.CTION  Vill 


(•(  )N('l.l  S|(  )\>-  AND  m:c<  »M  MKN'DATION’S 


1.  The  trade  study  costing  methodology,  designed  to  systematically  estimate  cost 
variations  due  to  chatties  in  type  of  material  ;uid  type  of  construction,  has 
boon  applied  to  the  entire  basic  structure.  The  method  has  been  shown  to 
provide  a feasible  approach  to  trade  study  costing  for  structural  design-to  - 
cost  problems  during  prel  im inary  design  . The  resulting  cost  model  makes 
estimates  based  on  physical  parameters,  tvjx)  of  material,  :ui 1 1 type  ol  con- 
struction and  assembly  of  structural  '‘omjxinents  such  as  ribs,  spars,  covers, 
longerons,  frames,  etc.  The  model  is  still  considered  to  be  in  a develop- 
mental status  and  the  following  additional  studies  are  recommended. 

a.  Kxtonsion  of  the  cost  data  base  (1)  to  provide  data  for  missing  com- 
ponents and  (2)  to  extend  the  data  base  into  advanced  type  structures. 

b.  Further  test  and  evaluation  of  the  method  for  further  familiarization 
and  to  eliminate  program  discrepancies. 

e.  Improvements  in  certain  specific  cost  estimating  relationships  in  the 
areas  of  raw  material  costs,  assembly  modeling,  commonality,  and 
the  treatment  of  advanced  structures  and  composites. 

d.  Performsmee  of  additional  estimating  riots  using  the  updated  method  to 
further  calibrate  estimating  coefficients  and  to  evaluate  estimating 
capability. 

2.  The  trade  study  cost  estimating  method  establishes  a format  lor  the  future 
colleetmr'  >f  cost  data.  Method  development  has  been  primarily  structured 
to  the  concept  of  unlimited  data,  i.e. , to  a cost  data  collection  format  that 
would  prevail  in  the  future  rather  than  being  limited  precisely  to  tut  existing 
historical  data  base.  Continued  cost  data  collection  is  a necessary  part  of 
further  development  of  the  method.  A number  of  ongoing  studies  arising  out 
of  the  Air  Force  Flight  Dynamics  Laboratory's  sponsorship  of  Advanced 
Development  Program  warrant  monitoring.  Continuing  literature  review  and 
an  interchange  of  data  with  other  contractors  are  also  possible  sources  of 
additional  data. 

2.  Certain  specific  tx’ade-study  model  improvements  suggest  themselves: 

a.  Modification  of  the  estimating  logic  to  provide  for  determining  the 
sensitivity  of  recurring  cost  to  production  rate. 
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li  I h'\  ch.pmont  "I  • I; i ( . i lo  show  variation  in  lea  ruing  duo  In  type  of 

material  ami  type  "1  eon  st  rini  inn . 

e.  Incorporation  .>1  additional  calculations  In  provide  a readout  of  tile 

dollars  db.  and  hours 'll),  implication  ol  a given  estimate. 

These  were  not  paid  ol  tla  current  study,  hut  thei  r accomplishment  would  add 
to  the  performance  ol  the  model. 

Pro\  iding  a capalji I it\  lor  est  i nutting  alternative  production  quantities  to  the 
same  level  ol  detail  as  that  provided  tor  estimates  ol  first  tut  it  cost  has  been 
shown  to  be  a useful  feature.  It  is  csjteeially  important  in  considering  learning 
curve  variations  for  trade  slud\  purposes  The  model  does  provide  for  the 
use  ol  indi \ idual  cost  quantity  projections  by  structural  element  within  the 
lubrication,  subassembly,  and  material  cost  categories. 

'i  wo  additional  teatures,  (It  the  inclusion  of  an  additional  term  in  certain  Chit's 
to  give  consideration  to  internal  structural  commonality  and  (21  the  con- 
sideration of  taper  in  the  machining  of  parts  in  the  development  of  complexity 
factors,  should  continue  lo  be  considered  for  incorporation  in  the  method. 

The  lirst  requires  additional  study  to  determine  the  proper  approach  and  the 
second  requires  additional  cost  data. 

Iterative  estimating  methods  at  a detailed  level  of  eosf  breakdown  have  been 
shown  tube  feasible.  Their  accomplishment  is  dependent  upon  supporting 
input  data  from  structural  synthesis  and  weight  sizing  programs,  however. 
Further  improvement  in  these  programs  is  warranted: 

a.  Improvement  ol  the  Computer  Program  for  Development  of  Aircraft 
Fuselage,  Landing  Gear  and  Nacelle  Weights  in  its  weight  estimating 
methodology . 

b.  Kxpansiun  of  the  Tip,  Leading  Ldge  and  Trailing  Kdge  Analysis 
program  to  handle  additional  types  of  material  and  construction  using 
techniques  other  than  analog. 

c.  Continued  improvements  in  APAS  for  enhanced  sensitivity  lo  structural 
considerations. 

d.  Development  of  finite  element  synthesis  programs  should  be  monitored. 
Future  developments  in  this  approach  may  alleviate  current  objections 
and  provide  useful  (from  a cost-estimating  standpoint)  design  synthesis. 

e.  A combination  of  multistation  and  finite  element  synthesis  programs 
war  nulls  further  investigation, 
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7.  In  addition  to  further  exercising  the  cost  model  portion  ol  the  overall  program, 
the  tola!  program,  including  supjxi ilinp;  synthesis  programs,  should  be  opera 
led  to  provide  guidi  lines  for  future  improvement  ;uul  also  to  establish  guidi 
lines  for  using  the  combined  programs  in  design  to-cost  trade-oil  studies  in  a 
preliminary  design  context. 

S.  The  principal  functions  of  die  system  studs’  cost  estimating  method  as  currently 
developed  is  to  provide  a more  complete  set  of  costs  for  possible  comparison 
against  die  airframe  portion  of  flyaway  cost  and  to  provide  an  interim  costing 
capability  in  the  preliminary  design  process  so  that  estimates  can  be  made 
prior  to  die  availability  of  a complete  set  of  detailed,  trade  study  inputs.  A 
dual  mode  of  operation  has  been  defined  for  this  purjxtso. 

!).  The  cost  model  is  computerized  using  a general,  data  manager  program 
referred  to  as  t'OSTC.  A significant  feature  of  this  program  is  that  it 
provides  for  handling  the  cost  estimating  relationships  as  input  data,  which 
provides  a considerable  degree  of  flexibility  in  revising  (.Tilt's  and  cost 
estimating  coefficients. 

10.  Kstimating  the  cost  ol  contemporary  and  future  aircraft  designs  generally 

involves  consideration  of  advanced  types  of  construction  and  material.  Some 
factors  for  diese  have  been  developed  for  use  in  the  method.  The  level  of 
detail  entailed  in  the  trade  study  method  provides  an  approach  to  this  problem, 
being  suited  to  the  evaluation  of  individual  problem  areas  that  can  not  be 
accomplished  by  the  usual  parametric  means. 

1 1 . Considering  the  evolution  of  design -to-eost,  in  the  future  cost  may  be  defined 
as  life-eycle-cost.  In  Uiis  ease  operating  cost  and  the  inter-relationship 
between  it  and  structural  design  will  be  a trade  study  consideration.  Attempts 
were  made  to  study  such  interrelationships,  but  available  operating  cost 
data  does  not  lend  itself  to  such  an  analysis.  An  expansion  of  the  scope  ol 
the  study  is  indicated. 

1*2.  The  14 - 138 , A(X)  and  Model  880  fuselages  were  nut  as  test  cases  in  the  dove 

lopment  of  the  fuselage  module.  A series  of  A PAS  runs  was  made  to  provide 
the  input  data  for  the  fuselage,  nacelle  and  landing  gear  weights  program, 
which  was  in  turn  nut  to  provide  weights  data.  Test  case  inputs  and  outputs 
for  this  program  are  given.  Resulting  cost  estimates  were  analyzed  and  used 
in  evaluating  baseline  cost  estimating  factors.  The  computer  printouts  obtained 
are  not  reproduced  in  this  rejxu  t,  but  have  been  retained.  These  results  are 
not  of  current  interest  because  of  changes  that  have  occurred  both  in  the 
program  and  in  the  estimating  coefficients. 
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1 lit-  H fiS  v,  as  used  in  the*  lest  rase  of  both  the  trade  study  and  system  study 
methods  in  their  e nnplete  form.  These  estimates  are  reproduced  in  Volume  II 
with  the  location  of  the  data  given  in  Table  M-l. 

l itis  cost  model  has  been  develojied  in  response  to  ;t  recognized  need  for  ;i 
cost  model  sensitive  to  variations  in  the  materials  and  type  of  construction  in 
a particular  design . The  need  is  in  relation  to  trade  studies  to  evaluate  the 
impact  on  cost  ol  using  advanced  technologies  in  structure'  and  materials. 

More  recently  the1  Design  -To-Cost  approach  in  the  acquisition  of  new  weapon 
systems  has  increased  the  need  for  models  of  this  lyjje.  The  additional  deve- 
lopments outlined  above,  including  the  experience  gained  from  use,  will 
greatly  enhance  the  program. 
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A PPFNDIX  A 


TRADF  STt'DV  CKR.S  AN!)  I)K  FIN  ITU  >N5 

This  appendix  eonsists  of  a listing  of  basic  CKR  forms  ;uid  (lie  accompany ing  set  of 
eosl  del  in  it  ions.  Two  numbering  series  arc  used  to  cross -reference  these  CFR 
forms  to  prev ions  dose riptions : d)  the  first  column  which  references  a series  of 
figures  (U'pict inn  cost  printouts  and  identifying  the  corresponding  CFRs,  and  (2)  the 
second  column,  which  references  the  assignment  of  equation  numbers  used  in 
Volume  li.  In  the  ease  of  the  first  column,  the  figure  cross-reference  is  as  follows: 

Figure  21  - First  I nit  Cost 

Figure  52  - (Wing)  RD'JTK  Costs 

Figure  tJ.'i  - Nonrecurring  Design  and  Development  Costs 

Figure  ,'iO  - Recurring  Airframe  Production  Costs  (Summary) 
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cor:}  •on*'! 


1G3 


1G4 


WK 
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167 


1GK 
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Decimal  percentage:  ratio  of  basic  tool  eng.noering  to  ba 
tool  manufacturing  hours. 
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MSD  .Manufacturing  Mjpiort  dollars 
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MDPtlH  - Mfg.  development  unci  niunt  engineering  hour? 
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A PPENDIX  B 


CERs  FOR  blfSTKM  STUDY  COST  ESTIMATING  METHOD 

The  cost  estimating  relationships  described  below  comprise  the  system  study  cost 
estimating  method  for  the  airframe,  including  functional  subsystems.  CERs  are 
shown  for  nonrecurring,  first  unit,  and  recurring  costs. 

Nonrecurring  Design  and  Development  Costs 

ENGINEERING : 

BASIC  STRUCTURE  DESIGN  ENGINEERING 

E. 

DE.  - F (EC.)  (WE.)  1 (1) 

where 

DE  - Design  engineering  hours  for  each  structural  element  estimated 
F,  = Complexity  factor 
EC.  - Estimating  coefficient 
WE.  = Weight  of  the  structural  element  estimated 
E.  = Cost/weight  scaling  exponent 
i Index  numbers,  1 through  6 for  basic  structure 

CONFIGURATION  DESIGN  ENGINEERING 

CDF.  - F7  (EC)  (WAMP)  2 (2) 

where 

CDE  ~ Configuration  design  engineering  hours 
F7  Complexity  factor 
EC  = Estimating  coefficient  = 1840 
WAMP  AMPll  weight  of  the  total  basic  structure 
E2  Cost/weight  scaling  exponent 
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EQUIPMENT  DESIGN  ENGINEERING 


E. 

EDE  F (EC  ) (WE  ) ' 
i i i 1 

where 


EDE.  --  Equipment  design  engineering  hours  for  each  functional  subsystem 

and  F.,  FlC.,  WE.  and  E.  are  as  defined  before.  The  index,  i,  runs  from  8 through 
18  inc\usive.  corresponding  to  the  functional  subsystems  as  listed  in  Figure  39. 

TOTAL  ENGINEERING  LABOR 


Total  engineering  labor  is  the  summation  of  the  previous  estimates  accomplished  by 
an  R-card,  line  722.  The  formula  appears  as  follows: 


TEL 


- V 

" L*t 


(701  . . . 718,  1) 


(4) 


where 


TEL  = Total  engineering  labor, 

and  the  summation  is  of  the  series  of  estimates  recorded  in  the  SAV  matric  from 
line  701  through  721. 

ENGINEERING  DOLLAR  COSTS 

EDO  ••  TEL  (ECLRl)  (5) 

where 


EDO  Engineering  dollar  costs 
ECLRl  Composite  engineering  labor  rate 

ENGINEERING  MATERIAL  COSTS 


EM  - EDC  (FM) 


(0) 


where 


EM  Engineering  Material  cost 

EDC  ~ Engineering  dollar  cost  taken  from  the  SAV  matrix  at  (723,2) 
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FM  A percentage  factor 


TOT  AJ  - LABOR  AND  MAT  ER1A  1.  (.'(AST 

TLM  = LUC  * F.M  (7) 

TOOLING : 

BASK:  TOOL  MANUFACTURING  HOURS 

T. 

BT.  --  TF.  (EC.)  (WE.)  ' (8) 

i l i i 

where 

BT.  = Basic  tool  manufacturing  hours  by  hardware  element 
TF.  = Complexity  factor  tor  tooling 
EC.  - Estimating  coefficient 

WE.  - Weight  of  the  structural  element  estimated 
T.  - Cost/weight  scaling  exponent 
i Index  numbers  1 through  7 for  tooling  elements 

RATE  TOOL  MANUFACTURING  HOURS 

TR 

RT  - BT  (R  - 1)  (9) 

i i 

where 

RT.  - Rate  tool  manufacturing  hours  by  hardware  element 
if  - Production  rate 

TR  Sealing  with  production  rate  increase 
TOTAL  TOOL  MAN!  FACTliltlNG 

Basic  ami  Rate  Tool  Manufacturing  Hours  are  summed  by  column  for  each  hardware 
element,  for  other  subsystems  and  for  tile  subtotals. 

BASIC  TOOL  EN  GIN  EE  RING 

BTFil.  BT.  (TFF.)  (10) 

l l i 


17G 


BTEII.  Basic  tool  engineering  hours  by  hardware  element 

TEF.  '-Tool  engineering  factor:  a ratio  of  tool  engineering  to  tool 
manufacturing 

HATE  TOOL  ENGINEERING  HOURS 

RTEH  =RT  (RTEF.)  (11) 

i 1 i 

where 

RTEH.  = Rate  tool  engineering  hours  by  hardware  element 
RTEF.  Rate  tool  engineering  factor 

TOTAL  TOOL  ENGINEERING 

Basic  and  Rate  Tool  Engineering  Hours  are  summed  in  the  same  way  as  Tool  Manu- 
facturing. 

TOOL  MATERIAL  COST 

TM  = TTM  (TMF2)  (12) 

where 

TM  - Tooling  material  cost 

TTM  = Total  tool  manufacturing  hours 

TMF2  = Tooling  material  factor:  a ratio  of  tooling  material  to  tool 
manufacturing 

MANUFACTURING  AIDS  COSTS 

MAH  = TTM  (MAF)  (13) 

where 

MAH  Manufacturing  aids  hours 
MAF  Manufacturing  aids  factor 
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\1  AN  I 'l  A>  "TURING  DEVELOPMENT  COSTS 

Ml  >11  TTM  (MDF)  (14) 

whore 

MDIi  Manufacturing  development  hours 

MDF  Manufacturing  development  factor 

M ANUFACTURING  SUPPORT : 

MS  0.008325  (WAMP)‘ 873  (S)1*  89  (C>D)' 346  (INF)  (15) 

where 

MS  - Manufacturing  support  cost  in  1974  dollars 
S - Maximum  speed  (kts)  at  best  altitude 
C’D  = Development  quantity  (number  of  flight  test  airframes) 

INF  = A term  to  adjust  the  dollar  base  from  1970  to  1974  as  follows: 

(Y  - 1974) 

INF  = 1.273  (1  t IDT  ' and 

RI  - Rate  of  inflation 
Y = Year  in  which  dollars  are  stated 

U>l  'A  PITY  CONTROL 

gCH  - TK  L (t  Hi  FI ) + TTM  (qCF2)  (10) 

where 

IjCH  - equality  control  hours 
DC  FI  Factor  applied  to  engineering  labor 
gCF2  Factor  applied  to  tool  manufacturing  labor 
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Fiirfl  Unit  Costs 


BASIC  STRUCTURE  FIRST  UNIT  COSTS 

F. 

CFU.  =UF  (EC  ) (WE.)  1 (INF)  + (SAV.)  <17. 

where 

CFU  - Cost  of  the  first  unit  of  the  element  estimated 
i 

UF,  = Complexity  factor 

WE,  = Weight  of  the  structural  element  being  estimated 
E.  = Cost/weight  scaling  exponent 

INF  - Adjustment  of  1970  data  base  to  1974  base  as  shown  in  Equation  (15) 

SAV  = SAV  matrix 
i 

SUBSYSTEMS  FIRST  UNIT  COSTS 

Same  as  above  except  the  term  'SAV.)  is  omitted. 

Recurring  Production  Costs 

These  cost  items  consist  of  the  following: 

Sustaining  Engineering 
Sustaining  Tooling 

Manufacturing  (Including  Quality  Control)  for: 

Wing 

Horizontal  Stabilizer 
Vertical  Stabilizer 
Fuselage 


Nacelles 
Landing  Gear 
Subsystems 
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SUSTAINING  ENGINEERING  HOURS 


SEII  TEL  (ON 2 


ES 


1) 


whoi’' 


SEII  Sustaining  engineering  hours 
THE  Total  engineering  labor 
ON 2 ~ RDT&-E  quantity 
ES  Sealing  against  quantity 

rI'he  equation  used  tor  procurement  quantities  is 

SEII  = TEL  (C^N4LS  - (^N2ES), 

ES  ES 

or  (ON 6 - ON2  ) for  the  second  procurement  quantity , where 

ON  4 = ON  2 + ON  3 
ONG  - ON  2 ON 5 

SUSTAINING  TOOLING  HOURS 

ST II  - (TTM  • TTE)  (ON211  -1) 

where 


STH  = Sustaining  tooling  hours 
T'EM  Total  tool  manufacturing  hours 
TTE  Total  tool  engineering  hours 
TU  Scaling  against. ((uantity 

The  otjuation  used  for  procurement  quantities  is 


STH  (TTM  * TTE)  (0N4J 


TU 


TU 

- ON  2 ), 


or  (ONG 


TU 


KT  TU 
- <V)N2  ) 


for  the  second  procurement  quantity. 


(18) 


(19) 


(20) 


(21) 
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MANUFACTURING  RECURRING  GUSTS 

Based  on  first  unit  manufacturing  costs,  recurring  manufacturing  costs  are  projected 
on  a dollar  basis.  Exactly  the  same  procedure  is  used  as  was  used  for  the  trade 
study  recurring  production  costs  by  structural  element.  A Z-card  calculation  based 
on  TERM  29  is  used.  This  has  the  equational  form, 

P3 

Cost  Estimated  = PI  i (22) 

P2 

with  the  same  definitions  as  hi  Section  2.  2.  4.  2.  The  calculation  is  performed  for 
each  of  the  aircraft  subsystems. 

Quality  Control  costs  are  included  hi  the  first  unit  cost  estimate. 
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APPENDIX  C 


COSTC  PROGRAM  SOURCE  DECK  LISTING 


This  appendix  provides  a program  source  deck  list  for  the  COSTC  data  manager 
program. 
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DIMLNbloN  Vc.C(l)  .POwdtlO)  PWORD 

DATA  BLANK/ 1 uH  PWORD 

C PwORD 
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2 . uR  . 

aEYA  . 

F 0 . l Ha 

mrgcard 

3 . OR  . 

aEYA  . 

f 0.  1 HH 

mrgcard 

A . OR  . 

kEYA  . 

EO.  1HR 

mrgcard 

b . uR  . 

A L Y A . 

LO.  1 HZ 

mrgcard 

U . OR  , Kf  Y/\  . EO  . 

lhb 

mrgcard 

7 .ok.  aLYA  ,EO. 

1HF 

mrgcard 

♦ ) RRulKD  - 

.TRUE. 

mrgcard 

A L I URN 

mrgcard 

E Nu 

mrgcard 

SUttR Oo  T 1 1 lE 

RECORD ( I ) 

RECORD 

COMMON  /KECURUP/  I C HK (lb) 


IwUku=(  I+49)/b0  RECORD 

lLOC=l-bU* ( iwuKU-1 ) RECORD 

J=1  RECORD 

call  bttr  r ( ilOC.  i.  ichm  iword;  , j)  record 

REIukN  record 

Enu  record 

FUNlUON  I Cm^L  1 f J ( I ) ICHKLIN 

common  /RECOKUP/  ICMMlbl 


UOKji[  1 +49  ) /bU 
I LUC  - i -0 U * ( IwOKD-l ) 

IChaliNzLHY  I ( 1 LOC  , 1 , ICHK  ( IWORD!  ) 

RE  fUKu 
END 

E>  U tl  k u u : INE  K INUlNTlTEMP,  I NO  ) 

DI 'ilNLIUN  lEMP(J) 

Trllb  bUuKUUlINE  WILL  FIND  THE  SINGLt  INTEGER  UP  TO  99 
E ROM  AN  INPUT  FIELD 
OUTPUT  lb  LOCATED  IN  IMU 

output  ib  zero  for  ulamk  input  field 

da  1 A uL  ANK  / i o h 
I 1 = 0 
I2  = U 

DO  lu  1=1 >lu 

I F ( TlMP  ( 1 ) .EO.bLANKJGO  TO  1U 

If-  ( 11  .Eu.lUGO  TO  lb 

12=1 

GO  TO  2U 
lb  11=1 
10  CONTINUE 

IFUl.Eo.OIuO  TO  30 
IE ( 12.lu.01 12=11 
20  I NO  =NU,MbEH  ( TEMP  , Ilr  12) 

RETURN 
30  I NU=U 
RE  f URN 
ENU 

SUI1ROUT1NE  [ MERGE  ( K * M ) 1% 


ICHKLIN 
ICHKLIN 
ICHKLIN 
ICHKLIN 
ICHKLIN 
FINDINT 
FINDINT 
F INDINT 
FINDINT 
FINDINT 
FINDINT 
FINDINT 
FINDINT 
FINDINT 
FINDINT 
F INDINT 
FINDINT 
FINDINT 
FINDINT 
FINDINT 
FINDINT 
FINDINT 
FINDINT 
FINDINT 
FINDINT 
FINDINT 
FINDINT 
FINDINT 
TMERGE 


c 

c 


c 

c 

c 

c 


c 


c 


c 

c 

c 


c 


K 

M 


100 

110 


mu 

16U 


200 

250 

290 

300 


320 

34U 

600 

b05 

630 


THIS  ROUTINE  MERGES  THE  CARDS  v*ITH  THE  MuDEL  ON  TAPE2.  TMERGE 


THE  UPDATED  MODEL  IS  W R I TEN  ON  TAPE 3. 
OIMtNSloN  CARD ( 8 ) , KEC ( 8 ) 

DIMENSION  C AKU2 ( 8 ) » REC2  ( 8 ) 

I N T EbLR  C » R , Z 
LOGICAL  MRGCRD 

NAMLLIST  /Ttsr/  ICOLR,  LINER,  ICOLC .L1NEC .LINtP,  IEND 
1 ,N0K,N0P,KCFL,KRFL 
DATA  C.K.Z/IHC.IHR, 1HZ/ 

IS  The  TAPE  NUMBER  FROM  WHICH  THE  MERGE  OCCURS, 
is  the  tape  number  on  which  the  merge  occurs. 

REWIND  K 
REWIND  M 

insert=o 

IENu=u 

READ  THE  FIRST  Z-CAHD  FROM  EACH  FILE 
REAU(I\,110>  REG 

format ( 6A1 0 ) 

DECUUL(1,15U,KEC)  KEYR 
I F ( MKGCRD(KETR)  ) GO  TO  140 
wRlTE(MillO)  REC 
GO  10  1U0 

DECODE (7. 160. REC)  KEYR, LINER, ICOLR 
FORMA | ( A 1 » 2 I 3 ) 

CALL  CHECK <K,REC2.KRFL) 

READ (5.110)  CARD 

DECUul17.15u.CARD)  KEYC.LINEC. ICOLC 
I F ( .NOT.  MKGCRD(KEYC)  ) GO  TO  800 

CHECK  IF  THERE  ARE  CONTINUATION  CARDS 
CALL  CHECK  ( 5.CARD2,  ?.CFL) 

LOOP  STARTS  HERE 
IF(LINER-LINEC)  700.250,600 
IF  ( ICULR- I COLO  70  0.300. 290 
IN6tHT=l 

WRITElMrllO)  CARD 

IFUCFL  .NE.  0)  WRITE(M,110)  CARD2 

READ ( 5 » 1 1 0 ) CARD 

NOP=lUU*LlNtC+ICOLC 

DECODl(7, 15  0,  CARD)  KEYC , LI  NEC , ICOLC 

I F ( MkGCKC  ( r\E  YC  ) ) GO  TO  320 

IENu-1 

GO  [G  340 

CALL  CHECK(5,CARD2,KCFL) 

NO-L 1NEC  *1 0u  + ICOLC 
IF (NO  , CU . NOP)  GO  TO  300 
IF ( INSERT  . EQ . 0)  GO  TO  710 
INSER  f=0 
GO  10  70  U 

INSERT  AFTER  LAST  COLUMN  OF  PREVIOUS  LINE. 

BACKSPACE  M 
BACKSPACE  M 
READ(M,bU5)  KEY3, ICONT 
FORMA  I ( 2 A1 ) 

I F ( .NOT.  MRGCRD(KEY3)  ) GO  TO  bOO 
IF ( ICONT  .Ed.  C,  GO  TO  bOO 
BACKSPACE  K 197 


TMERC-E 


TMERGE 


TMERGE 

TMERGE 

TMERGE 

TMERGE 

TMERGE 

TMERGE 

TMERGE 

TMERGE 

TMERGE 

TMERGE 

TMERGE 

TMERGE 

TMERGE 

TMERGE 

TMERGE 

TMERGE 

TMERGE 

TMERGE 

TMERGE 

TMERGE 

TMERGE 

TMERGE 

TMERGE 

TMERGE 

TMERGE 

TMERGE 

TMERGE 

TMERGE 

TMERGE 

TMERGE 

TMERGE 

TMERGE 

TMERGE 


TMERGE 

TMERGE 

TMERGE 

TMERGE 

TMERGE 

TMERGE 

TMERGE 

TMERGE 

TMERGE 

TMERGE 

TMERGE 

TMERGE 

TMERGE 

TMERGE 

TMERGE 

TMERGE 

BACKSPACE  TO  TMERGE 
TMERGE 
TMERGE 
TMERGE 
TMERGE 
TMERGE 
TMERGE 


TMERGE 


c 


c 


c 


c 


BACKSPACE  K 

tmerge 

REAU(K.llO)  REC 

TMERGE 

DLCUOE(2»60b.HEC)  KEYR.ICCNT 

TMERGE 

I F ( .NOT.  MROCRD(KEYR)  ) GO  TO  530 

TMERGE 

I F ( 1CUNT  .EG.  C)  GO  TO  530 

TMERGE 

DECODE ( 7 * 150 . REC ) KEYR. LINER. ICOLR 

tmerge 

CALL  CHECK (K.REC2.KRFL) 

tmerge 

IFIL1NEP  • Eg . LINED  .AND.  ICOLR  .LT.  ICOLO  GO  TO  640 

TMERGE 

WRirE(b.b35)  REC. CARD. CARD2.REC2 

tmerge 

WRI IE16. TEST) 

tmerge 

63b 

FORMAT ( 16H0UNABLE  TO  MATCH/ ( 1 X . 8 A10 ) ) 

TMERGE 

GO  TO  800 

TMERGE 

640 

WRlTElM.110)  CARD 

TMERGE 

IF1KCFL  .NE.  0)  WRITE(M.llO)  CARD2 

TMERGE 

linep=linec 

TMERGE 

REAu (5.110)  CARD 

tmerge 

DECODE) 7. 150. CARD)  KE YC  > L I NEC  » 1COLC 

TMERGE 

I F ( .NOT,  MRGCRD(KEYC)  ) GO  TO  800 

TMERGE 

CALL  CHECK ( 5.CARD2.KCFL) 

TMERGE 

IF ( LINEC  • EO , LINEP)  GO  TO  640 

TMERGE 

GO  TO  710 

TMERGE 

TMERGE 

700 

WRI  IE (M, 110)  REC 

tmerge 

IFIKREL  .NE.  0)  WRITEIM.110)  R£C2 

TMERGE 

IF11LND  ,EQ.  1)  GO  TO  800 

tmerge 

710 

READ  (K  . 1 1 0 ) REC 

TMERGE 

DECODE (1 . 150.REC)  KEYR 

TMERGE 

IFIKEYR  .EQ.  1HE)  GO  TO  810 

TMERGE 

IF'  MRGCRD(KEYR)  ) GO  TO  720 

TMERGE 

KRFL=U 

TMERGE 

GO  TO  700 

tmerge 

720 

DECODE (7.150. REC ) KEYR. LINER.  ICOLR 

tmerge 

CALL  CHLCMk,HEC2.KRFL) 

TMERGE 

NOR=100*LlNtR+ICOLR 

TMERGE 

IFlNOR  ,EQ.  NOR)  GO  TO  710 

TMERGE 

I F ( 1 END  .EG.  1 ) GO  TO  700 

TMERGE 

GO  TO  200 

tmerge 

TMERGE 

TMERGE 

tmerge 

TMERGE 

TMERGE 

TMERGE 

TMERGE 

TMERGE 

TMERGE 

TMERGE 

ROUND 

A HEAL  TO  TWO  DECIMAL  PLACES.  ROUND 

ROUND 

ROUND 

ROUND 

ROUND 

ROUND 

ROUND 

ROUND 

ROUND 

VALUE 

TERM  PABAMEJER  OR  COEFFICIENT  VALUE 


800  BACKSPACE  5 
80b  REAu(K.llO)  REC 

IF  (tOP  ( K ) ) 820  > 8 1 0 
810  WR I 7E ( M. 1 1 0 ) REC 
GO  IU  80b 
820  ENOFILE  M 
REwlND  M 
REWIND  K 
RETUkn 
END 

FUNCTION  ROuND(X). 

this  fumction  will  round 

X100=x*100 . 

HUM=X10U 
FNUM=FLOAT (NUM) 

REMAlUsXi 00-FNUM 
ROUNO=FNUM* .01 

IF (REMAIN  ,GT.  .5)  ROUND=ROUNO+ . 0 1 

RET  URN 

END 

FUNCTION  VALUE ( IWORU.NNBC) 

THIS  FUNCTION  FIND  THE  VALUE  OF  THE 

198 


n n n n n 


IhOKU  TERM,  PARAMETER  OR  COEFFICIENT 

VALUE 

NNHC  number  of  non-blank  characters 

VALUE 

VALUE 

COMMON  line, i col , loopb, loope  r ke y » NREAP » TEMP 

VALUE 

COMMON  /SUMPKT/  ISUM,PRTSUM( 12) *keys 

VALUE 

COMMON  /ZCARD/  IP, IC,PARAM( 10 ! , COEF < 10 ) 

VALUE 

EQUIVALENCE  ( JW0RD,RW0RD) 

VALUE 

LOOPbl=LOOPU 

VALUE 

loopet=loope 

VALUE 

KEYT=REY 

VALUE 

KEYST-KEYS 

value 

TEMPT=TEMP 

VALUE 

LOUPd=LOOPE=l 

VALUE 

KEY=KEYS=1HZ 

VALUE 

JWOHU-I wORD 

value 

TEMP=RwORD 

VALUE 

CALL  GETPAR 

VALUE 

value=o . 

value 

IF ( 1C  ,EQ.  1)  VALUE-COEF ( 1 ) 

VALUE 

IF ( IP  ,EQ.  1)  VALUE=PARAM( 1 ) 

VALUE 

KEY=KLYT 

VALUE 

keys=keyst 

VALUE 

TEMP=T£MPT 

VALUE 

L0OPB  =LOOPbT 

VALUE 

LOUPE=LOOPET 

VALUE 

RE  1 URN 

VALUE 

END 

VALUE 

SUBROUTINE  EQEVAL ( I AL , Nw , ANS ) 

eqeval 

eqeval 

THIS  SUBROUTINE  IS  THE  DRIVER  FOR  THE  *F*  CARD 

eqeval 

1AL  LOCATION  OF  FIRST  INPU'  WORD 

eqeval 

Nw  NUMBER  OF  WORDS 

EQEVAL 

ANS  ANSWER 

EQEVAL 

COMMON  /EQU/  I A ( 1 SO ) 

EQEVAL 

DIMENSION  I AL  < 1 ) r R I A ( 150  ) ,IB(?.U) 

eqeval 

INTEGER  B1 , B2 , B3 

eqeval 

EQUIVALENCE  ( RI A , I A ) 

eqeval 

DO  b 1=1,150 

EQEVAL 

5 

I A ( I ) =1R 

EQEVAL 

CALL  UNPAK (IAL, I A , Nw , NC ) 

EQEVAL 

B1=BZ=B3=0 

EOI.VAL 

DO  50  I = 1 , NC 

eqcval 

I F ( 1 A ( I ) .Ne.  1R( ) GO  TO  10 

EQEVAL 

B1=B1+1 

eqeval 

I B ( B1 ) = I 

EQEVAL 

10 

I F ( 1 A ( I ) ,Eu,  1R,)  B3=l 

eqeval 

IF ( IA ( I ) .NE.  1R)  ) GO  TO  50 

eqeval 

IF ( B3  .EQ.  0)  GO  TO  40 

EQEVAL 

B2=iblBl)+l 

eqeval 

B3=l-1 

eqeval 

I WORU= I PACK ( IA,B2,B3,NNBC) 

eqeval 

ANS1=VALUE( lWORDrNNBC) 

eqeval 

20 

RIA«B2-1)=ANS1 

eqeval 

DO  30  K=B2 , 1 

EQEVAL 

30 

I A ( K ) =1K 

eqeval 

B1=B1-1 

eqeval 

B3=0 

EQEVAL 

go  ro  bo  199 

eqeval 

40 

62=IH(B1)+1 

EQEVAL 

53=1-1 

EQEVAL 

CALL  lXPR  (B2.M3,  ANSI  ) 

GO  10  20 
bU  CON  I 1 1 lijL 

II-  tbl  ,Nt  . u)  GO  TO  HO 
02  = 1 

CALL  LXPR ( B2  » NC , ANS ) 

retur.. 

910  PR  1 NT  1 , ( 1AL( 1 ) , 1=1 ,NW) 

1 FORFAIT*  UNdALANCTU  P ARt NTHtSES* , / 1 X , ft A 1 0 # / 1 X , 7 A 1 0 ) 
ANb  = U . U 
Mt  I L'Rn 
END 

FUNCTION  1PACM  IA,M,N,NNBC) 

This  PUNtTluN  PACKS  DATA  FOR  INPUT  TO  GETPAK 


I A 

INPUT  U A T A 

M 

bTART  OF  DATA 

N 

END  OF  DATA 

NNrtC 

NUMBER  OF  NON-BLANK  CHARACTERS 

DIMtNbluN 

I A ( 1 ) 

JFLo-ij 
I FG  = U 

IFtlM  , L T . 1)  .OR,  ( N ,G1,  lbO ) ) 60  TO  940 
I F ( ( 1 A < M 1 ,LT.  IRQ)  .OR.  (IA(M)  . GT  , 1 R . ) ) IFG=1 

IFMiA(M)  ,oT.  1R-)  .AND.  ( I A ( M ) .LT.  1 R . > ) IFG=l 
NN=N 

I ANb=NNbC=0 
1B=1K 
Iu  = u0 
IFLG=iR  , 

DO  10  I=M»Ni, 

IFUIA(I)  .LT.  1RZ)  .AND.  ( I A ( I ) .GT.  0)  ) JFLG=1 
IFUlAd)  .LQ.  IB)  .AND.  (JFLG  .EQ.O))  GO  TO  10 
IFl  (NNBC.EO.IU) .AND. ( I A ( 1 > .NE.IB) )GO  TO  910 
IF  ( (NNtiC  ,E0. 10)  . AND.  ( I A ( I ) .EQ,  IB)  )GO  TO  10 
I T = 1 A ( 1 ) 

I F ( ill  .NE.  IB)  .OR.  (JFLG  , NE . 1)  .OR.  (10  .EQ.  30))  GO  TO  8 
B I F ( 10  — 30)  10,8,6 


6 NNbL -NNbC  + 1 
I 0=  10-6 
IPACtsr. lUbl  . 

IP=U 

I P = MX 1 P I ( IT, 10) 

I ANS= 1 ANb  + I P 
GO  To  5 
8 CONI  1,mUL 

IF(1T  ,tO.  1R.)  I FG=1 

I F ( 1 T .to.  1R,)  I T= I A ( I)=TFLG=IR 

NNBL=NNbL+ 1 

IQ=10-b 

IP  = 0 

I P = Mx I F T (IT, 10) 

I ANb=lANb+IP 
10  CONTINUE 

I F ( NNbC  .EQ.  0)  GO  TO  920 
IF  l lFu  ,tO.  1)  GO  TO  12 
IFl 1FLG  .EQ.  Ib)  GO  TO  12 
NNBL=NNBL+1 
IT  = 1k. 

IQ=Io-6 
IP  = U 


EOEVAL 
EOEVAL 
EOEVAL 
EOEVAL 
EOEVAL 
EOEVAL 
EOEVAL 
EOEVAL 
EOEVAL 
EOEVAL 
EOEVAL 
EOEVAL 
IPACK 
IPACK 
IPACK 
IPACK 
IPACK 
IPACK 
IPACK 
IPACK 
IPACK 
IPACK 
IPACK 
IPACK 
IPACK 
IPACK 
IPACK 
IPACK 
IPACK 
IPACK 
IPACK 
IPACK 
IPACK 
IPACK 
IPACK 
IPACK 
IPACK 
IPACK 
IPACK 
IPACK 
IPACK 
IPACK 
IPACK 
IPACK 
IPACK 
IPACK 
IPACK 
IPACK 
IPACK 
IPACK 
IPACK 
IPACK 
IPACK 
IPACK 
IPACK 
IPACK 
IPACK 
IPACK 

200  IPACK 

IPACK 


O O o O C\ 


IP  = MX1F I ( I T f 10)  IPACK 

I  ANb- I ANS  + I P IPACK 

12  L=NhBC+1  IPACK 

IF ( L — 10 ) 1 5 » 30  r 40  IPACK 

15  DO  20  I=L*9  IPACK 

1 0=141-6  IPACK 

IP=0  IPACK 

IP=MX1FT ( IB, 10)  IPACK 

20  I ANS=I ANS+IP  IPACK 

30  IANb=IANS+lB  IPACK 

40  I P ACN- I ANS  IPACK 

RETURN  IPACK 

910  PKII  T 1 i IANS  IPACK 

1 FORMAM*  FUNCTION  IPACK  DETECTED  A VARIABLE  NAME  OR  NUMERIC  CONSTA  IPACK 

♦ NT* » /IX , ♦MORE  THAN  TEN  CHARACTERS  LONG » ( * » A 1 0 , * ) , ♦ r / » 1 X , * A VALUE  0 IPACK 

♦F  (1.)  WAS  bUBSTITUTED  AND  PROCESSING  CONTINUED. ♦)  IPACK 

NNBC=2  IPACK 

RETURN  IPACK 

920  PRINT  2 IPACK 

2 FORMAT ( * FUNCTION  IPACK  DETECTED  A BLANK  VARIABLE  NAME  OR  NUMERIC  IPACK 

♦CONbTANT .♦/* IX , *A  VALUE  OF  (0.)  wAS  SUBSTITUTED  AND  PROCESSING  CON  IPACK 
♦TINUtD.*)  IPACK 

925  IPACK=1UHU.  IPACK 

NNBC-2  IPACK 

RETURN  IPACK 

930  PRINT  3 IPACK 

3 FORMAT (*  FUNCTION  IPACK  DETECTED  AN  INTEGER  MORE  THAN  NINE  CHARACT  IPACK 

♦ERS  LGNG.*/1X,*A  VALUE  OF  (0)  WAS  SUBSTITUTED  AND  PROCESSING  CONTI  IPACK 

♦NUED.w)  IPACK 

GO  TO  925  IPACK 

940  PRINT  4 IPACK 

4 FORMAK*  FUNCTION  IPACK  DETECTED  (M  , LT . 1)  .OR.  (N  . GT . 150)*)  IPACK 

Xl  = 0.  IPACK 

X2  = l,  IPACK 

X2-.X2/X1  IPACK 

X1=X2+X1  IPACK 

CALL  EXIT  IPACK 

END  IPACK 

SUBROUTINE  UNPAKTIALr IA.NWrNC)  UNPAK 

THIS  SUBROUTINE  PUTS  DATA  INTO  NC  SEPARATE  WORDS  UNPAK 

IAL  LOCATION  OF  FIRST  WORD  UNPAK 

IA  ARRAY  OF  150  WORDS  UNPAK 

Nw  NUMBER  OF  WORDS  ON  INPUT  UNPAK 

NC  NUMBER  OF  WORDS  ON  OUTPUT  UNPAK 

DIMENSION  I AL ( 1 ) » I A ( 1 ) UNPAK 

NC  = t\  = U UNPAK 

L=1  UNPAK 

DO  20  1=1 » Nw  UNPAK 

NC=NC+10  UNPAK 

DO  20  J=1»10  UNPAK 

K=K+1  UNPAK 

IA(K)=MXt>ET  ( I AL  ( I ) , J*L)  UNPAK 

10  CONTINUE  UNPAK 

20  CONTINUE  UNPAK 

K=NC  UNPAK 

DO  >0  1 = 1, K UNPAK 

L=K-I+1  UNPAK 

IFUA(L)  .NE.  1R  ) GO  TO  40  UNPAK 

30  NC=NC-l  201  UNPAK 

40  RETURN  UNPAK 


FNL) 

FUNU  lON  TEkM(  ITEHM) 

c 

C I HIS  ROUTINE  COMPUTES  THc.  TERM 

COMMON  L 1NE  , ICOL  iLOOPBf  LOOPEiKEY  .NRtAP  #TEMP(lb)#SA\/‘l800#13) 
COMmUn  /2CAkD/  IP# IC# PARAM( 10) .COEF l 10) 

COMMON/ 1 TERMS/ JTERM 

SUMP- u , 

TLKM-o, 

JTtKM  = I TERM 

IFliTtRM  .E^,  29)  GO  TO  2425 

IF ( i IcRM.LE.O.OR. ITERM.GT.281G0  TO  10999 

GO  1 0 ( lOUr  200  # 300  * 400  # 500#  600#  700#  800r  900.1000# 

1 1100.1200# 1300* 1400.1500# 1600, 170 0# 1800* 1900.2000.2100# 

2 2<i  Ou. 2300. 24  00.2500. 2b00. 27  CD  #2800. 

♦ 1 1 000)  » I TERM 

100  CONI  Inuc. 

C TERM.- 0 , 

GO  fu  UuOO 
200  CONTINUE 

C I ERM-G 1 

ULCOUC(10»210«TEMP(LOOPB)  ) COEF(l) 

210  FORMAT ( 7E10 . 0 ) 

TERm=cOEF ( 1 ) 

GO  lu  11000 
3o0  CONI  I NUL 

C IERM=P1 

CALL  uEIPAR 
00  510  1 = 1 • IP 
SUMR=buMP+P«KAM( I ) 

510  CONTINUE 
TERm=SUMP 
GO  IU  11000 
400  CONTIhUE 

C IlKM;C1*P1 

CALL  UE  T PAR 
DO  41 U 1=1  * IP 
SUMP-SIIMP  + PARAM  ( I ) 

410  CONIINUL 

TEHM=SUMP*CuEF(1) 

GO  TO  11000 
500  CONTINUE 

C TERM=Cl*C2 

DECwUl ( 20 r 210# TEMPT LOOPb) ) CuEF ( 1 ) #UOEF(2) 

TERM=COEF( 1) ♦COEF (2) 

GO  TO  11000 
600  CONTINUE 

C TEKM=C1*C2*P1 

CALL  oETPAR 
DO  olO  1 = 1 * IP 
SUMP=SUMPPPAKAM( I ) 

610  CON  I 1 hue 

TEKi*i=COEF  ( 1 ) ♦COEF  ( 2 ) ♦SUMP 
GO  10  11000 
700  CONTINUE 

C T ERM^C 1 ♦Pl^  + C2 

CALL  uEl PAR 
DO  /10  I=1#IP 
SUMR=bUMP+PARAM( I ) 

710  CONTINUE  202 


UNPAK, 


800 

C 


900 

C 


910 


1000 

c 


1010 


1100 

c 


1110 


1200 

c 


1300 

C 


1400 

C 


1500 

C 


1510 


1600 

C 


1610 


TERM=cOEF( 1) ♦SUMP*+COEF(2) 

GO  TO  11000 
CONTINUE 

rEKM=Cl*C2*Co 

DECouEl 30 #210#  TEMP (LOOPS)  ) (COEF ( I ) . 1 = 1 #3) 

TERMzCOtF ( 1 ) *COEF(2) *COEF (3) 

GO  10  11000 
CONTINUE 

rEHM=Cl*C2*C3+Pl 

CALL  uETPAR 
DO  91 U I=l»iP 
SUMP  = SUMP  + PARAM ( I } 

CONTINUE 

TERMZCOEF ( 1 ) ♦ COEF ( 2 ) ♦COEF ( 3 ! ♦SUMP 

GO  TO  11000 

CONTINUE 

IERM=C1^C2*P1**C3 

CALL  GETPAR 
DO  1010  1=1# IP 
SUMP=SUMP+PARAM( I ) 

CONTINUE 

TERM=COEF ( 1 ) *COEF ( 2 ) ♦SUMP++COEF ( 3 ) 

GO  10  11000 
CONTINUE 

TERMzC 1*(C2*P1)++C3 

CALL  GETPAR 
DO  1110  1=1* IP 
SUMP=SUMP+PAKAM( I ) 

CONTINUE 

TEKMsCOEF ( 1 ) ♦ (COEF ( 2 ) ♦SUMP ) ♦♦COEF ( 3 ) 

GO  TO  11000 
CONTINUE 

TEKM=C1*C2*PI*(P2/P3)**C3 

CALL  oET PAR 

TERMzi.OEF  ( 1 ) ♦COEF  ( 2 ) +PARAM  ( 1 ) ♦ (PARAM ( 2 ) /PARAM  ( 3)  ) ♦♦COEF  ( 3 ) 

GO  TO  11000 

CONTINUE 

T EKM;C 1^C2*C3»C4 

DECOOl (40 #210# TEMP (LOOPS) ) (COEF  (I)  #1  = 1 #4) 

TEKMzCOEF ( 1 i *COEF ( 2 ) ♦COEF ( 3 ) ♦COEF ( 4 ) 

GO  TO  11000 
CONTINUE 

TERM=Cl^C2*C3*+C4 

DECODE (40 #210# TEMP (LOOPB)  > (COEF(I)  #1  = 1 #4) 

TEKi'i=COEF  ( 1 ) ♦COEF  (2)  ♦COEF  (3)  ♦♦COEF  (4) 

GO  10  11000 
CONTINUE 

TEKM=C1+C2*C3*P1+*C4 

CALL  GE 1 PAR 
DO  lblO  1=1# IP 
SUMP=bUMP+PARAM ( I ) 

CONTINUE 

TERM=tOEF ( 1 ) +COEF ( 2 ) ♦COEF ( 3 ) ♦SUMP++COEF l 4 ) 

GO  TO  11000 
CONTINUE 

I ERM=C 1 +C2* ( C 3 *P1 ) **04 

CALL  -ETPAR 
DO  lblO  1=1# IP 

SUMP=SUMP  + PARAM(I  ) 203 

CONTINUE 


o o o o 


TERM=COEF  ( 1 ) *CGEF(2)  ♦ ( COEF  ( 3 ) * SUMP  ) **C  OEF  ( 4 ) 


GO  TO  11U00 


1 7U0  CONIIimUL 

C I LKM=Cl *C2* (P1/C3) * *C  4 

CALl  GET  HAH 


1710 


1600 

C 


1900 

c 


2000 

c 


210  0 
C 


2200 

C 


2300 

C 


2400 

c 


c 

c 


211 


DO  1710  1 = 1 . IP 
SUMP=bUMP+PAKAM( I ) 

CONTINUE 

TEKM=tOtF ( 1 ) *COEF (2) * (SUMP/COEF (3) ) **C0£F(4) 

GO  TO  11000 
CONTINUE 

I ERM=C1*P1*P2 

CALL  uETPAR 

TEKm=COEF( 1 ) *PARAM ( 1 ) +PARAM(2) 

GO  TO  11000 
CONT  InUE 

TEhM=C1*P>1*P2*P4/P3 

call  getpar 

TERM=tOEF ( l ) +PAKAM ( 1 ) ♦PAR AM ( 2 ) *P ARAM ( 4 ) /PAR AM (3) 

GO  10  11000 
CONTINUE 

TEKM=C1+C2*P1/P2 

CALL  uE I PAR 

IF  (PARAM12)  .EQ.  0.0)  GO  TO  11000 
TERM=COEF( 1 ) +COEF (2) ♦PAR AM ( 1 )/PARAM(2) 

GO  TO  11000 
CONTINUE 

TERM=C1*C2*P1*  P2**C3 

TERM  =0.0 
CALL  gETPAR 

IF  l PAR AM ( 2 ) .EQ.  0.0)  GO  TO  11000 
TERM=COEF( 1 ) *C0EF(2)*PARAM(1)*PARAM(2)**C0EF(3) 

GO  TO  11O00 
CONI INUE 

rEKM=Cl*C2+Pl**C3*P2**C4 

CALL  GETPAR 

IF  ( PAR AM ( 1 ) * PAP AM ( 2 ) .EQ.  0.0)  GO  TO  110U0 

TERMzcOEF ( 1 ) ♦ COEF (2 )♦ (PARAM( 1 ) ♦♦COEF ( 3 ) ) ♦ ( PAR AM ( 2 ) **COEF ( 4 ) ) 

GO  TO  11000 

CONTINUE 

TERM=C1+C2MP1/P2)  **C3 
CALL  getpar 

IF  ( PAR AM ( 2 ) .EQ.  0.0)  GO  TO  ilOOO 

TERM  = G0EF(1MC0EF(2)  + (PARAM(1)/PARAM(2>  ) **COEF  ( 3 ) 

GO  TO  11000 
CONTINUE 

CK AwFOku-LOG  LINEAR  UNIT  LEARNING  EQN 

IF  P2  LE  20  TERMr  PI ♦SUM ( I ♦♦X ) Iwl r IF1X ( P2 ) 

+ PI  ♦ <P2  - FLOAT ( IFIX ( P2 ) ) ) 

♦ (1FIXCP2)  + 1 ) ♦♦X ) 
oT  20  TEKM=Pl+( (P2**lX+l)-l.  ) / ( X+ 1 ) 

+ (P2^X  + 1.  )/2.  ) 

WHERE  X = LN(P3)/LN(2) 

CALL  l-ETPAR 

DECODE (10.211 .TEMP (LOOPS) ) KLINE .KCOL 
FORMAT ( IX  r I3.1X.I2) 

PARAM(l)  = SAV(KLINE.KCOL) 

IF  ( P AR AM ( 2 ) .LE.  0.)  GO  TO  11000 
X=AL0G(PARAM(3) )/ALOG(2.0)  204 

IP2=iFIX (PARAM(2) ) 


o o 


IFl 1P2.GT.20JGO  TO  2410 
SUMP=U.O 
00  2420  1=1 * IP2 
TERM=I 

SUMP=SUMP+TERM**X 
2420  CONTINUE 

SUMP  = SUMP  + ( PAR AM ( 2 ) - FL0AT(IP2))  * ( FLOAT ( I P 2 ♦ 1 > ) **X 
TERMzpAR AM ( 1 ) *SUMP 
GO  10  11000 

2410  TERM  = PARAM( 1 ) *( ( PAR AM ( 2 ) ** i X+ 1 . ) — 1 - ) / ( X + l . ) + ( PARAM ( 2 ) **X  + 1 . ) /2. ) 

GO  TO  11000 
2425  CONTINUE 
C 

C SAME  AS  L(J.  24  BUT  Pi  AND  P2  CAN  BE  ANY  VALUES. 

C 

CALL  bETPAR 

DECODE ( 10 » 211 » TEMP (LOOPB) ) KLINE »KCOL 
PAR AM ( 1 ) = SA V ( KL I NE  » KCOL ) 

I F ( PARAM ( 2 ) , LE.  0.)  GO  TO  11000 

X = AL0G(PARAM(4) ) / ALOG(2.0) 

IP1  = I F I X ( P ARAM ( 2 ) ) 

IP2  = IF  IX ( PARAM ( 3 ) ) 

SUMP  =0.0 
DO  24S0  I=IPliIP2 
TERM  = I 

SUMP  = SUMP  + TERM**X 
^450  CONTINUE 

SUMP  = SUMP  + (PARAM ( 3 ) - FL0ATTIP2))  * ( FLOAT ( IP2+1 )) **X 
TERM  = PARAM  1)  * SUMP 
GO  TO  11000 
2500  CONTINUE 

C TERMz  P1*P2**(X+1) 

C BRIGHT  LOG-LINEAR  CUMM,  AVG.  LEARNING  EQN 

C WHERE  X=  LN(C1)/LN(2) 

CALL  GETPAR 

IF(COEF(l) .EO.O.OTGO  TO  10S97 
X=ALOG(COEF(l) 5/ALOG12.0) 

TERM=PARAM(1)*PARAM(2)+*(X+1.0) 

GO  TO  11000 
2600  CONTINUE 

SAV (LI  NR » ICOL)=SAV(LINE.ICOL)*C(I ) *P ( I) 

WHERE  I=l»MAXO(ICr IP) 

TERM-U, 0 
CALL  GETPAR 
IF ( 1P.EQ . 0 ) GO  TO  2610 
DO  2605  1 = 1 * IP 

SAV ( LINE  * ICOL)=SAV(LINEr ICOL)*P«RAM( I) 

2605  CONI INUE 

2610  IF ( 1C .EG • 0 ) GO  TO  11000 
DO  2615  1 = 1*  IC 

SAV ( LINE  * I COL ) =SAV ( LINE  > ICOL ) ♦COEF ( I ) 

2615  CONTINUE 

GO  TO  11000 
2700  CONTINUE 

C TERM=C1*C2*(P1/P2)**C3*P3**C4 

CALL  GETPAR 

TERM=C0EF(1)+C0EF(2)*(PARAM(1)/PARAM<2) )**C0EF(3)*PARAM(3)**C0EF<4 

* ) 

GO  TO  11000 
2800  CONTINUE 


205 


C CRAwFURD  LOO-LINEAR  LEARNING  WITH  PRIOR  PRODUCTION  AND 

C DIFFLKING  LEARNING  SLOPES 

CALL  GE 1 PAR 

IF  ( PAR  AM ( 2 ) .LE.  0.)  GO  TO  11000 
XI  - ALOG ( P AR AM ( 4 ) ) / ALOG(2.0) 

X2  = AL0G(PmRAM(5)  ) / ALOG (2.0) 

IF  ( PAR AM ( 3 ) - PARAM ( 2 ) - 20.)  2805,2805,2020 
280b  SUMP  = 0. 

N1  = IF  I X ( PARAM ( 2 ) ) + 1 S N2  = I F I X ( PARAM ( 2 ) ) + IF  I X ( PAR AM ( 3 ) > 

DO  2810  I=N1.N2 
TERM  = I 

SUMP  = SUMP  + TERM**X2 
2810  CONI 1NUE 

SUMP  i SUMP  + ( PARAM ( 2 ) + PAR AM ( 3 ) - FLOAT ( N2  ) ) *( FLOAT ( N2+ 1 )) **X2 
GO  TO  2830 

ti820  PI  = PARAM  ( 2 ) +1.  % P2  = PAR  AM  { 2 ) + PARAM  ( 3 ) 

SuMP  = (P2**(X2+1 , )-Pl**(X2+l. > ) /(X2+1. ) + (Pl**X2+P2**X2)/2. 

2830  TERM  = P ARAM ( 1 ) * PARAM ( 2 ) * * ( X 1-X2 ) * SUMP 
1 1 0 0 0 CONTINUE 
UTEkM=1H 
RET  URN 

10997  PRINT  1U996.LINE. ICOL 

10996  FORMA  T ( *0  ON  LINF*,I4,*  C0|_UNM*,I3,*  THE  VALUE  OF  Cl  IS  ZERO*) 
TERM=u.O 
RETURN 

10998  FORMAT (*0*,20X,*TERM  = *,I5«*  THIS  VALUE  IS  NOT  PERMISSABLE* ) 

10999  PRINT  10998, ITERM 
TERM=u.U 

RETURN 

ENU 

SUBROUTINE  REAOW 

C **  **  THIS  SUBROUTINE  READS  INPUT  VARIABLES  FROM  SIZE  NAMELIST 
C 

COMMON  LINE, I COL, LOOPB#LOOPE» KEY »NREAP, TEMPI lfa) ,SAV1800, 13) 

COMMON/ WE  I GHT/MAXW, I WD , JWD , WL 1ST (350) , EL 1ST (6) , PL (2100) ,TYPE(5) 


COMMON/BLOCKW/ 


1 

Ml 

, CF 1 

, W2 

, CF2 

,W3 

, CF  3 

» WT 

,W4 

, CF4 

2 

w5 

, CF5 

,W6 

, CF6 

, WT 1 

»W7 

, CF7 

, W6 

, CF8 

3 

W9 

» CF9 

, WT2 

, CM1 

, CM2 

, CM3 

, CM4 

,CM5 

,CM6 

4 

CM  7 

, CM8 

,CM9 

, CN 

, RN 

, SNE 

,SNI 

, SPE 

, RP 

b 

TJ4 

, TS4 

,FF1 

, FF2 

, CB 1 

, WD1 

,CC1 

, CB2 

, WD2 

6 

CC2 

, CB3 

,WD3 

, CC3 

, CB4 

, WD4 

, CC4 

, CB5 

, WD5 

7 

CCb 

, CB6 

, WD6 

, CC6 

, CB7 

, WD7 

, CC7 

, CBS 

, WD8 

8 

CCb 

, CB9 

, WD9 

, CC9 

, CB10 

,WD10 

,CC10 

,Cbll 

, WD1 1 

9 

CC11 

» CB12 

, WD  1 2 

,CC12 

, CB  1 3 

, WD  1 3 

, CC13 

, CB14 

, WD14 

* 

CC  14 

, CBlb 

,WD15 

, CC  1 5 

, CB16 

, WDlb 

, CC  16 

, CB17 

,W017 

1 

CC 1 7 

, WRRP 

,CSO 

, FSL 

, ERL 

, RSL 

,TJ7 

, TS7 

, FF3 

2 

CMb 

, AS2 

, RMC 1 

, RMC2 

, RMC  3 

,SF1 

, SF 2 

, SF3 

,RMC4 

3 

RMCb 

, RMCb 

, SF4 

, SF5 

, SF  6 

, RMC7 

, RMC8 

, RMC9 

, SF7 

4 

SF8 

,SF9 

, RMC 1 0 

, SF10 

, RMC 1 1 

, SF  1 1 

, RMC12 

, SF  12 

, RMC 1 3 

5 

SF 1 3 

, RMC14 

, SF  1 4 

, RMC 15 

, SF  1 b 

, RMC  16 

S F 1 6 

, RMC 1 7 

, SF  1 7 

6 

RMCla 

, SF  18 

, RMC 1 9 

, SF19 

, RMC20 

,5F20 

,RMC21 

, SF21 

» RMC22 

7 

SF  22 

, RMC2  5 

* SF23 

*RMC24 

, SF24 

, RMC25 

, SF25 

, RMC26 

, SF26 

8 

FM1 

, FM2 

, EH 

, WAMPR 

, TMF 

, ECLR 

, T AM 

, RM 

, THC 

9 

TEC 

, TDC 

, RQC 

,RT 

, PN1  , 

PN2  , PN3  , PN4 

, PN5  , 

PN6 

COMMON/ 

bLOCKC/ 

1 

PC11 

, PC12 

, PC  1 3 

, PC  14 

, PC  1 5 

, PC  lb 

, PC  17 

,PC18 

,PC19 

2 

PCUu 

fPClll 

, PC  1 12 

, PC  1 13 

, PCI  14 

,PC115 

, PC  1 16 

, PC  1 17 

, PC  1 1 8 

3 

PC  1 19 

, PC  12  0 

, PC  1 21 

, PC21 

, PC22 

,PC23 

, PC24 

, PC25 

, PC26 

4 

PC27 

, PC28 

, PC29 

, PC210 

, PC2 1 1 

» PC212 

, PC2 1 3 

, PC214 

,PC215 

206 


b 

PC  d 1 tj  i 

PC 2 1 7 » PC218  » PC219 

f PC220  f 

PC221  F • : 

31  f PC32 

f PC 33 

1 

0 

PC  34  > 

PC  3b  t PC  3b  > PC  37 

f PC  38  F 

PC  39  FP. 

310  f PC  3 1 

1 f PC312 

r 

7 

PC  3 1 b f 

PC  3 1 4 » PC  31  b » PC  3 lb 

f PC  3 1 7 f 

PC  310  f PC  319  f PC320  fPC321 

;uMMUN/bLOCKS/ 

1 

ww  f 

wH  >w V > WF 

F WN  F 

WL  fEI 

f E2 

fFI 

t 

2 

F 2 » 

F 3 f F 4 »F5 

F F 6 F 

F 7 f w AMP  f F 8 

fWS 

f 

3 

F 9 f 

wEC  f F 1 0 » WHP 

fFII  f 

WEI  f F 12  fWI 

f F 1 3 

t 

4 

WAP  t 

F 1 4 f w A » F 1 b 

F WE  A F 

Fib  fWFS  f F17 

f W AD 

9 

b 

Flu 

FW  » ECLR 1 1 FM 

fTI  f 

TF1  f TF2  f TF3 

fTF4 

t 

0 

TPb  , 

1 Fb  f TF7  » R 

fTR  f 

TMLR  fTEF  fRTEF 

f TELR 

9 

7 

TMF  2 r 

MAF  ,MALR  r MDF 

fMDLR  f 

S fUD 

fRI 

F Y 

9 

8 

QCFl  f 

QCF2  f QCLR2  fW 

fUFI  f 

UF 2 f UF3  f 

UF  4 f UF5 

FUFb 

9 

9 

UF  7 f 

UF8  t UF 9 * UF 1 0 

fUFU  f 

UF  1 2 f UF  1 3 f UF  1 4 

fUF15 

9 

* 

UP  lo  f 

UF 1 7 f QN 1 fQN2 

f QN3  F 

QN4  f QNb  f QNb 

fES 

9 

1 

ECLH^  t 

TU  » T MEC  f QC  1 1 

f QC2 1 f 

QC  3 1 f QC  12  f QC22 

f QC  32 

9 

2 

QC  1 3 f 

uC  2 3 f QC  3 3 f QC  14 

f QC24  F 

QC  34  f QC 1 b f QC25 

f QC35 

9 

3 

QC  lb  f 

QC2o  fQC38  » QC 1 7 

fOC27  f 

QC  37 

D1MLNSIUN  P TEMP  1172)  FPTEMP2(b3) rPTEMP3(llb) 

EQUIVALENCE (PTEMP, Wl) 

EQUi VALENCE (PTEMP2. PCI 1) 

EQUIVALENCE  (PTEMP3fWW) 

r * * 

REAL  MaF 

f MALK»MDF»MDLR 

V-  ▼ ¥ 

DATA  (WLIST ( I ) » 1=1 ,70) / 

1 

bhw  1 

» bHCF 1 » bHW2 

f 6HCF2 

f bHw3 

t 6HCF 3 

f bHWT 

9 

2 

bH*4 

> 6HCF4  r 6HW5 

f bHCF5 

FbHWb 

FbHCFb 

FbHWTl 

9 

3 

bH»v7 

» bHCF  7 f bHW& 

FbHCF8 

FbHW9 

f bHCF 9 

f bHWT2 

9 

4 

oHCMl 

rbtlCM2  rbHCM3 

FbHCM4 

f bHCM5 

f 5.MCM8 

FbHCM7 

9 

b 

bHCMo 

fbHCM9  f bHCN 

FbHRN 

FbHbNE 

FbHSNI 

f bHSPE 

9 

b 

bHKP 

f bHT  J4  f bHTS4 

f bHFF 1 

f 8HFF2 

f bHCB 1 

FbHWDl 

9 

7 

oHCCl 

f8HCB2  FbHWD2 

f bHCC  2 

FbHCB3 

f bHWD3 

f 6HCC 3 

9 

tt 

bHCB4 

» bHw04  FbHCC4 

FbHCB5 

f 6HWD5 

f 6HCC5 

f bHCBb 

f 

9 

oHwUu 

» bHCCb  f 6FICB7 

f BHWD7 

F6HCC7 

f 6HCB8 

FbHWDS 

9 

* 

bhLCb 

»6rlCB9  »6HWD9 

f 6HCC9 

FbHCBlO 

FbHWDlU 

f bHCC  1 0 

/ 

DATA  (WLIST (I) t I=71»140)/ 

1 

bHCbll 

• 6HwD1 1 t bHCC 1 1 

f 6HCB 12 

FbHWD12 

f bHCC 12 

FbHCBl3 

9 

2 

t>  H >v  D 1 3 

» 6HCC13  • bHCB 14 

f bHWD 14 

f bHCC 14 

f bHCBlb 

fBHWD15 

9 

3 

bHCClb 

» bHCBlb  fbHwDlb 

f bHCClb 

f bHCB17 

f bHWD17 

f bHCC  1 7 

9 

4 

bHwKRP 

• bhCSO  f bHFSL 

f bHERL 

f bHRSL 

f bHT  J7 

f 6HTS7 

9 

b 

bHFP  3 

t 6HCMB  > bH AS2 

f bHRMC 1 

f 8HRMC2 

f 8HRMC3 

FbHSFl 

9 

b 

bHSF,' 

> 6HSF3  * bHKMC4 

f 8HRMC5 

f 6HRMC  b 

f bHSF4 

FbHSF5 

9 

7 

oHSF  t> 

f8HRMC7  tbHRMCS 

f BHRMC9 

f bHSF7 

f 8HSF8 

f 8HSF9 

9 

8 

bHKMCH 

» bhSF 1 0 * bHRMC 1 1 

f bHSr 1 1 

f bHRMC 1 2 

FbHSF12 

f bHRMC 13 

9 

9 

bHSF  1 3 

* bHRMC 14  f bHSF 1 4 

f8HRMC15 

f 8HSF15 

f bHRMC lb 

FbH5Flb 

9 

$ 

bHKMtl7 

* bhSF 1 7 ? bHRMC 1 8 

f bHSF 18 

f 6HRMC 1 9 

FbH5F19 

f 8HRMC20 

/ 

DATA  (WLIST ( I ) r 1 = 141 , 210 ) / 

1 

bHbF20 

rbtiRMC21  rbHSF21 

FbHRMC22 

f8HSF22 

f 8HRMC23 

FbHSF23 

9 

2 

6HKML24 

fbHSF24  ibHRMC25 

f bHSF25 

f bHRMC  2b 

f bHSF 2b 

FbHFMl 

9 

3 

OHFM2 

f 6HEH  f bHWAMPR 

f bHTMF 

FbHECLR 

f bHT  AM 

f bHRM 

9 

4 

bH  rue 

f bh  TEC  FbHTDC 

f bHRQC 

f bHRT 

FbHPNl 

f8HPN2 

9 

b 

OHPN3 

f bHPN4  FbHPNb 

f bHPNb 

f bHPC 1 1 

f bHPC 12 

f bHPC 1 3 

9 

b 

bhPC 1 4 

FbuPClb  FbHPClb 

f 6HPC 17 

f 8HPC18 

f bHPC 19 

f bHPCl 1 0 

9 

7 

bHPC  111 

f bHPC 1 1 2 f bHPCl 1 3 

f6HPC114 

FbHPCUb 

FbHPCUb 

f bHPC 117 

9 

8 

bHPCIH 

f 6hPC 119  f 6HPC 120 

f bHPC 121 

f bHPC2 1 

f 8HPC22 

f 8HPC23 

9 

9 

bHPC24 

fBhPC25  FbHPC26 

FbHPC27 

f 8HPC28 

f bHPC29 

f6HPC210 

9 

% 

bHPC21 1 

» 6hPC2 1 2 f bHPC2 1 3 

f 8HPC214 

f bHPC2 1 b 

f bHPC2lb 

f bHPC2 17 

DATA  (WLIST ( I ), 1=211 r 280) / 

1 

bHPC2lb  * bnPC2 1 9 t bHPC220 

FbHPC221 

f bHPC31 

fEHPC32 

FbHPC33 

9 

2 

bHPC  34 

f bHPC3b  FbHPC3b 

f bHPC  37 

f bHPC  38 

f 6HPC  39 

f 6HPC310 

9 

3 

bHPL  311 

f6hPC312  f bHPC313 

?FbHPC31b 

FbHPC3l6 

f 6HPC317 

9 

4 

bHPtilb 

* bhPC319 

» bHPC320 

i bHPC  321 

. bHWW 

. 6HWH 

> 6HWV 

5 

oHtvF 

f 6HWN 

» o H W L 

rbHEl 

.6HE2 

. 6HF 1 

. 6HF2 

0 

bHF  3 

» bHF 4 

» oHF  5 

. bHF b 

.6HF7 

.6HWAMP 

» 6HFR 

7 

bHrtS 

* 6HF 9 

» bHWEC 

» bHF 1 0 

» 6HwHP 

. 6HF 1 1 

.6HWE1 

8 

b H F 1 

. 6liW  I 

. bHF 1 3 ’ 

» bHwAP 

. 6HF14 

» 6HW  A 

. 6HF1  b 

9 

bHwt  A 

» 6HF lb 

> 6HWFS 

* 5HF17 

> 6HwAD 

. 6HF 1 8 

» 6HFW 

i 

bHLCi . .1 

. bHFM 

» bHT  1 

» bHTF 1 

» 6HTF2 

t 6HTF3 

» 6HTF4 

DATA  UL1 

ST ( I ) » I = 

281.350)/ 

bH  CF  b 

» bHTFb 

* bHTF7 

» bHK 

» 6HTR 

.6HTMLR 

.6HTEF 

2 

bHF  T LF 

. 6HTELR 

» bHTMF  2 

. bHMAF 

.6HMALR 

.6HMDF 

. 6HMDLR 

3 

bHb 

. bHQD 

» bHH  I 

. bH  Y 

» 6HQCF1 

. 6HQCF2 

» 8HQCLR2 

4 

bHw 

. bHUF 1 

. bHUF 2 

. bHUF 3 

.6HUF4 

» 6HUF5 

. bHUFo 

S 

bHUF  7 

» bHUFB 

.6HUF9 

» bHUF 10 

. 6HUF11 

» 6HUF 1 2 

.6HUF13 

6 

bHUF 14 

. 6HUF 1 5 

* b FI  U F 1 b 

# bHUF] 7 

. 6HQN1 

. 6HQN2 

. 6HQN3 

7 

bHUN4 

> btiQHb 

. bHQNb 

. bHES 

.6HECLR2 

. 6HTU 

.6HTMEC 

6 

bHuC 1 1 

. 6hQC21 

* bHQC  31 

» bHQC 12 

» 6HQC22 

» bHQC  32 

. 6HQC 1 3 

9 

bHbCc3 

. 6hQC33 

> bHQC 1 4 

» 6F’QC?4 

. 6HQC34 

. 6HQC 1 b 

. 6HQC25 

% 

6HQC35 

* 6HQC lb 

• OHQC28 

.bHQC 36 

» 6HQC1? 

. 6HQC27 

.6HQC37 

NAMtLIST  /SIZE/ 


1 

Vi  1 

. CF 1 

. W2 

» CF2 

. W3 

» CF3 

. wT 

» W4 

. CF4 

2 

wb 

. CF5 

» W6 

. CF6 

. WT1 

. W7 

. CF7 

. W8 

» CF6 

3 

w9 

. CF9 

» WT2 

. CM1 

.CM2 

.CM3 

» CM4 

. CMS 

.CMb 

4 

CM7 

. CM8 

.CM9 

» CN 

»RN 

.SNE 

.SNI 

.SPE 

.RP 

5 

TJ4 

. TS4 

» FF 1 

.Ff2 

. CB1 

. WD1 

.CC1 

» CB2 

» WD2 

b 

CC2 

» CB3 

. wD3 

. CC3 

» CB4 

. WD4 

. CC4 

.CbS 

. WD5 

7 

CCb 

» CB6 

. WD6 

.CCb 

» CB7 

> WD7 

»CC7 

» CB8 

. WD8 

8 

CC8 

. CB9 

. WD9 

» CC9 

» CB1 0 

» WDIQ 

.CC10 

.call 

» WD1 1 

9 

CC11 

. CB12 

»WD12 

» CC  12 

. CBl  3 

. WD13 

. CC  13 

»CB14 

. WD14 

i 

CC 14 

. CB1  b 

. wDl5 

.CC1S 

. CB16 

. WDlb 

. CC  16 

»Cbl7 

. WD 1 7 

1 

CC 17 

. WRRP 

.CSO 

* FSL 

.ERL 

. RSL 

»TJ7 

. TS7 

» FF3 

2 

CMu 

. AS2 

.RMC] 

. RMC2 

. RMC3 

»SF1 

. SF2 

. SF3 

. RMC4 

3 

RMCb 

. RMCb 

. SF 4 

. SF5 

. SF6 

» RMC7 

» RMCB 

. RMC9 

. SF7 

4 

SF8 

. 5F9 

» RMC 1 0 

» SF  1 0 

.RMC 11 

. SF11 

» RMC12 

. SF  12 

. RMC 13 

5 

SF13 

» RMC 14 

.SF14 

.RMC15 

.SFlb 

. RMC 16 

. SF16 

.RMC 17 

. 5F17 

b 

RMClb 

» SFlb 

. RMC 19 

» SF19 

. RMC20 

. SF2Q 

. RMC21 

. SF21 

.RMC22 

7 

SF22 

. RMC  23 

» SF23 

.RMC24 

» SF24 

.RMC25 

.5-^25 

» RMC26 

. SF26 

8 

FM1 

. FM2 

.EH 

. WAMPR 

. TMF 

» ECLR 

» T AM 

. RM 

.THC 

9 

TEC 

. TDC 

.RQC 

.RT 

. PN1  . 

3N2  . PN3 

» PN4  . 

PNb  . PN6 

f 

JAMtLl 

BT  /CuR V 

E/ 

1 

pen 

» PC12 

» PC  1 3 

» PC14 

» PC15 

. PC  1 b 

. PC  17 

* PC  18 

» PC  1 9 

2 

PCllu 

.PC111 

. PC  1 1 2 

» PC  1 1 3 

. PC  1 14 

» PC  1 15 

.PC11U 

. PCI 17 

. PCI 18 

3 

PC119 

. PC120 

r PC121 

» PC2 1 

» PC22 

.PC23 

»PC24 

. PC25 

» PC26 

4 

PC27 

» PC2B 

. PC29 

.PC210 

.PC211 

.PC212 

. PC2 1 3 

.PC214 

. PC2 15 

b 

PC2lo 

. PC217 

» PC218 

.PC219 

» PC22  0 

. PC221 

. PC31 

. PC32 

. PC33 

b 

PC34 

.PC3b 

. PC36 

» PC  37 

» PC38 

» PC 39 

» PC  31 0 

. PC311 

. PC312 

7 

PC313 

. PC314 

. PC  31 b 

. PC316 

. PC317 

.PC318 

» PC319 

.PC320 

. PC321 

NAMtLIST  /SUMARY/ 

1 

WW 

.WH 

.W  V 

. WF 

»WN 

. WL 

.El 

» E2 

.FI 

2 

F2 

. F3 

» F 4 

»Fb 

.F6 

. F7 

.WAMP 

.FB 

.WS 

3 

F9 

. WEC 

.F10 

. WHP 

. FI  1 

.WEI 

. F 12 

.WI 

» F13 

4 

WAP 

. FI 4 

.WA 

> F15 

» WE  A 

.Fib 

. WFS 

» F17 

. WAD 

5 

Fla 

.FW 

. ECLR1 

.FM 

. T 1 

► TF 1 

» TF2 

. TF3 

. TF4 

6 

TFb 

. TFb 

. TF7 

.R 

»TR 

.TMLR 

.TEF 

. RTEF 

rTELR 

7 

TMF2 

.MAF 

» MALR 

» MDF 

. MDLR 

.s 

. QD 

» Ri 

. Y 

8 

QCF1 

» QCF 2 

.QCLR2 

. W 

. UF  1 

.UF2 

. UF3 

. UF4 

. UFB 

9 

UFb 

» UF7 

» UF8 

» UF9 

. UF1 0 

» UF  1 1 

. UF12 

. UF  13 

. UF14 

» 

UF  lb 

» UF  lb 

» UF1  7 

. QN1 

. QN2 

. QN3 

. QN4 

» QN5 

» QNb 

1 

ES 

. ECLR2 

.TU 

. TMEC 

. QC1 1 

.QC21 

. QC31 

. QC12 

. QC22 

2 

QC32 

» QC 1 3 

» QC23 

. QC33 

. QC14 

. QC24 

» UC34 

. QC  15 

. QC25 

3 

QC3b 

» QC  lb 

.QC26 

» QC  36 

.QC17 

26fC27 

» QC37 

c + * 


DATA  bLANK/lh  / 


C * * 

1*0=350 
ICLEAK  = 0 

IF  ( JwD  .EG).  0)  GO  TO  10 
ICLEAk  = 1 
GO  TO  30 
10  DO  20  I=l>6 

IFntMP(I)  .E 0.  BLANK)  GO  TO  30 
OECOOL ( 5 » BO . TEMP ( I ) ) (TYPE  ( J ) > J=1 . 5 ) 
ELIST(I)  = PWORD ( TYPE » 1 » 5 ) 

JwD  = JwD  + 1 
20  CONTINUE 
C ** 


c 


25 

** 

30 


35 

36 

40 

50 


55 

56 

60 

70 


DO  25  KIM=1»5 
TYPE(KIM)  = BLANK 
CONTINUE 


DO  70 

JJ  = 1 

• JWD 

IF ( ICLEAR 

.EG). 

0) 

GO 

TO  50 

DO  40 

I = l» 

IwD 

ISUb 

= (JJ 

-1) 

* MAXW 

+ I 

IF  ( I 

• GE  • 

236) 

GO 

TO 

36 

IF  1 1 

. GE  • 

173) 

GO 

TO 

35 

PTEMP 

(I)  = 

PL( 

ISUB) 

GO  TO  40 
KIM  = 1-172 

PTEMP2 (KIM)  = PL(ISUB) 

GO  TU  40 
KIM=I-235 

PTEMP3(KIM)=PL( I SUB) 

CONTINUE 

CONTINUE 

REAU(brSIZE) 

READ ( 5 > CURVE ) 

realms, sumaky) 

PN4  = PN2  + PN3 

PN6  = PN2  + PN5 

QN4  = Uin2  + 0N3 

0N6= JN2+0N5 

DO  bO  1=1 t I wD 

ISUb  = (JJ-1)  4-  MAXW  + I 

IF (I  ,GE.  236)  30  TO  56 

IF ( I , Gt . 173)  GO  TO  55 

PL(ibUB)  = PTEMP(I) 

GO  TO  bU 
KIM  = 1-172 

PL(ISud)  = PTEMP2 (KIM) 

GO  TO  60 
KIM=I-235 

PL ( I SUB ) =PTEMP3 (KIM) 

CONTINUE 

CONTINUE 

RETURN 


BO 


R 


FORMAT ( 5A1 ) 
END 
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SECTION  I 


INTRODUCTION 


The  objective  of  this  study  was  to  develop  a digital  computer  program  to  predict 
the  structural  weight  of  fuselage  and  nacelles,  and  the  landing  gear  group  weight 
for  fighter,  bomber,  and  transport  aircraft. 

The  input  requirements  are  to  be  of  the  type  typically  known  at  the  preliminary 
design  level  relating  to  weight,  geometry,  loads,  and  dimensionless  ratios.  The 
output  for  the  fuselage  is  developed  from  an  empirical  analysis  based  on  statistical 
data  (Reference  i),  as  weil  as,  semi-analytical  analysis  that  utilizes  a multi-station 
structural  analysis  (Reference  1)  for  the  basic  shell.  The  micelle  structural  weight 
and  landing  gear  weight  outputs  are  developed  by  an  empirical  analysis  based  on 
statistical  data  (Reference  1.) 

The  math  models  developed  for  this  study  are  an  assimilation  of  previously  developed 
equations.  The  backup  data,  curves,  tables  and  figures  are  presented  in  detail 
in  References  1,  2 and  3. 

The  program  is  structured  so  the  user  may  use  all  equations,  or  with  the  use  of  a 
tailoring  constant,  zero  out  the  equations  that  are  not  applicable  to  his  particular 
vehicle  definition. 

This  program  is  written  in  Fortran  IV  and  can  be  easily  adapted  for  use  on  a small 
computer. 
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SECTION  Li 


ENGINE  ElUNG  1 MSCTSSK  >N 


Li.  I TASK  OBJECTIVE 


Thu  objective  of  this  slud\  was  lo  develop  ;i  digital  computer  program  to  predict  the 
structural  weight  of  fuselage  and  nacelles,  and  tl’.e  landing  gear  group  weight  for 
fighter,  bomber,  and  transport  aircraft. 

Li . 2 PI  It POSK  OF  THIS  PROGRAM 


The  )iurj)Ose  of  this  program  is  to  provide  fuselage  and  nacelle  structural  weights, 
and  landing  gear  weights  to  be  used  in  the  evaluation  of  preliminary  design  aircraft 
concepts.  The  stand  alone  o|>eralion  of  the  program  allows  the  user  to  inin.it  data 
from  other  analytical  programs;  and  to  output  data  that  satisfies  this  input  requirement 
for  cost  math  models  developed  under  Air  Force  Contract  AF  .'13015-72-0208:1, 
"Techniques  For  Estimating  Weajion  System  Structural  Costs". 

2.1)  PROGRAM  REQUIREMENTS 

The  input  requirements  of  the  program  are  lo  be  of  the  type  typically  known  at  the 
preliminary  design  'evel  relating  to  weight,  geometry,  loads,  and  dimensionless 
ratios.  The  output  for  the  fuselage  is  developed  from  an  empirical  analysis  based  on 
statistical  data,  as  well  as.  a semi-analytical  analysis  that  utilizes  a multi-station 
structural  analysis  for  the  basic  shell.  The  nacelle  structural  weight  mid  landing 
gear  weig!  t outputs  are  developed  by  an  empirical  analysis  based  on  statistical  data. 

2.1  MATH  MODELS 

The  math  models  develo|)ed  for  this  study  is  an  assimilation  of  previously  developed 
equations  to  provide  a computerized  output  of  fuselage  anil  nacelle  structural  weight 
and  landing  gear  group  weight.  The  mathematical  expressions  used  in  the  math  models 
associated  with  this  computer  program  development  is  documented  in  Reference  I . 

In  the  following  discussions  of  the  fuselage,  nacelle  and  landing  gear  math  models, 
the  equations  and  methods  are  presented  in  general  form  and  in  normal  algebraic 
notation  so  that  they  will  be  easy  to  follow  In  the  computer  subroutines,  the  equations 
and  methods  are,  of  course,  in  Fortran,  anil  they  are  si>ecil‘ic  in  application.  Only 
the  major  equations  are  shown  in  this  section.  The  sub-equations  used  to  restructure 
internal  equation  input  is  documented  only  in  the  computer  listing  of  the  siiecific  model 
as  shown  in  Appendix  1. 
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This  section  describes  (lie  weight  calculations  that  are  needed  to  produce  the  Fuselage 
structural  weight,  the  nacelle  structural  weight,  and  the  landing  gear  weight.  The 
equations  listed  here  are  not  the  only  ones  that  could  apply,  but  they  are  representative 
and  may  be  modified  or  replaced  if  need  be. 

2 1 l 1TSFLACK  KCjt’  AT  IONS.  The  fuselage  structural  weight  is  estimated  by  one 
or  both  of  two  methods.  Both  methods  utilize  structural  |>enaJlius  in  the  development 
of  the  final  fuselage  weight,  but  differ  in  the  development  of  Die  basic  shell  weight. 

The  first  method  estimates  the  basic  shell  material  required  to  wrap  the  body  volume 
and  resist  local  airloads.  Body  and  configuration  penalty  weights,  as  well  as. 
s|)ecial  increment  weights  are  added  to  the  basic  shell  to  develop  a total  fuselage 
structural  weight. 

The  second  method  differs  from  the  first  only  in  the  derivation  of  the  basic  shell 
weight.  The  fuselage  shell  weight  is  developed  by  a separate  structural  synthesis 
analysis  program  with  the  output  being  provided  to  this  program  as  input.  Body 
and  configuration  penalty  weights,  and  special  increment  weights  not  accounted  for 
in  the  structural  synthesis  are  then  added,  within  this  program,  to  develop  a total 
fuselage  structural  weight. 

The  equations  and  definition  of  terms  associated  with  the  first  method  are  documented 
in  the  following  paragraphs  and  in  Reference  1.  The  analysis  associated  with  the 
basic  shell  weight  derivation  used  in  the  second  method  is  documented  in  Reference  2. 

Basic  Shell  (Material  Required  to  Wrap  Body  Volume  and  Resist  Local  Airload) 

-2  2 

Wl  . 87  (q  x l()  ) SFF 

Where: 

2 

q - Maximum  operating  dynamic  pressure  based  on  Yj|  - lbs/ft~ 

S - Fuselage  aerodynamic  wetted  area  minus  summation  of  large 
I4  r o . 

fuselage  cutout  areas  - ft  /AP 

Cockpit  Provisions 

.78  .35 

Wtj,  - 1.5-1  (VC)  (1  * I>c) 


Where 

V(j  - Cockpit  Volume  - ft** 

B(j  - Ultimate  Cabin  Pressure  - lbs/in~ 
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■Nos e__I j a n<  1 i ng  11  oar  Doors 
W( 


■ M (q) 


Nl) 


Where 


S - Nose  landing  irear  door  area  - ft 
Nl) 

q - Maximum  operating  dynamic  pressure  based  on  Vj.  - lbs/ft 
Nose  Landing  Clear  Cutout  and  Load  Introduction 
Wt 


1 


-:i  .9 

o:ssr>  (F  L x ]()  ) 

v VN  FX  ' 


Where : 


F - Nose  landing  gear  maximum  vertical  reaction  (Ult.)  - lbs. 

L - Nose  landing  gear  extended  length 

Vj  A 

Wing  Reaction  (Wing  Fuselage  Tie) 

Wt  .8  W . N b’  x H)"0 
5 DES 

Where : 


W - Design  gross  weight  - lbs. 

N - Flight  design  load  factor  (ultimate) 

b'  - structural  span  - ft.  Measured  along  .50  chord 


Tail  Provisions 


Wt  - 0.7 
6 


(Ev  1 Fn)  x 10 


-3 


. G 


Where : 


I 


Ultimate  horizontal  tail  load  - lbs. 


1)  Forward  fuselage  average  effective  vertical  bending  depth  -ft. 

N - Flight  desi  m load  factor  (ultimate) 


216 


All  Vertical  Inertia 


Wt 


ID.  '.I  N (W  ) it,  > y 10 
Jaf;  A I 

\) 

A F 


Where : 


W 


A I 


Wt  of  body  structure,  tails  and  equipment  (excluding  engines  and 
fuel)  all  of  (}’J  wiiij;  structural  box  lbs. 


L 


AL 


Aft  longeron  length  - ft.  Measured  from  (£,  win*;  box  to  end  of 
aft  longeron 


D - All  fuselage  average  effective  vertical  bending  depth  - ft. 
N - Flight  design  load  factor  (ultimate) 


'orward  Side  Heading 


Wt 


10 


10.0  F L Ii  „ .<  10 
\'  FL  VT 

I) 

W F 


-6 


Where: 


r, 


\'T 


Distance  from  (£  wing  structural  box  to  (£,  vertical  fail  structural 
l)ox  or  spindle  - ft. 


D 


W F 


Forward  fuselage  average  effective  side  bending  width  -ft. 


F - intimate  vertical  tail  load  -lbs 
V 


r 


FL 


Forward  longeron  length  - ft.  Measured  from  (£  wing  box 
to  forward  r ado  me  bulkhead 
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All  hide  Hendmg 


Wt 


1 1 


25. of  ( r j ) 

v vr 


10 


I) 


WA 


Where : 


Ii  - Distance  from  (£  wing  slruclural  l>o.\  to  ^ vertical  tail  box 

i)  - All  fuselage  average  effective  side  bending  width  - ft. 

WA 

- Dltimate  vertical  tial  load  - lbs 
Forward  Fuel  Inertia 


Wt 


25.0  W'vv  N (Lff)  •'  10 


-G 


1) 


FI 


Where: 


N - Flight  design  load  factor  (ultimate) 

W - Wt.  of  forward  fuselage  fuel  at  design  condition  - lbs. 

FF  - Distance  from  <£,  wing  structural  box  to  center  of  gravity  of  forward 
fuselage  fuel  tank  - ft.. 

D _ Forward  fuselage  average  effective  vertical  bending  depth  - ft. 


Alt  Fuel  Inertia 


Wt 


2 -G 

£5.0  W N (L  ) x 10 
FA  AF 


13 


D 


AF 


Where : 

N - Flight  'design  load  factor  (ultimate) 

WpA  " Wt.  of  aft  fuselage  fuel  at  design  condition  - lbs. 

IJAF  - Distance  from  <£  wing  structural  box  to  center  of  gravity  of  aft 
fuselage  fuel  tank  - ft. 

Daf  “ Aft  fuselage  average  effective  vertical  bending  depth  - ft. 
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Alt  Knginc  Bending 


Wt 


1*1 


25.  9 W N (I. 


Where : 

N - Flight  design  !o:ul  factor  (ultimate) 

W - Wt.  of  fuselage  mounted  engine  and  accessories  - lbs. 

L - Distance  from  (£,  wing  structural  box  to  center  of  gravity  of  engines 
and  accessories  - ft. 


D - Aft  fuselage  average  effective  vertical  bending  depth  - ft 
Aft  Horizontal  Tail  Bending 


Wt 


15 


2r>nFn(V)WC 


AF 


Where: 


F 


I! 


Ultimate  horizontal  tail  load  - lbs 


L - Distance  from  (£  wing  structural  box  to  <£,  horizontal  tail  structural 
box  or  spindle  - ft. 

D - Aft  fuselage  average  effective  vertical  bending  depth  -ft 
A F 

Fuel  Provisions 

.75  .375 

Wt  - K (G  ) (N  ) 

1(5  i v l 

Where. 

Gj*  - Fuselage  fuel  capacity  - gal. 

N|-  - Number  of  fuselage  tanks 

K - . 05  Bags 

- . 75  Integral  tanks 
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Arrest  ing  dear  Provisions  [I'an'iur  Ha  soil) 


Wt 


17 


1C  I) 


10 


Who  ro : 


I)  llUnate  arresting  hook  drag  comjKment  - lbs. 

e 

Catapult  and  Holdback  Fu solace  Tow 

. l> 

Wt  . 102  N W -•  10 

1 P X c 


Whore: 


N Lalrpult  load  Factor  (ultimate) 

W - Catapult  design  gross  weight  - lbs 
< 'atapult  and  Ihdibaok  -_No.se  I /am  ling  clear  Tow 


Wt 


10 


W N '•  10 
e X 


Where : 


W -■  Cat  apt.  i design  gross  wt.  - lbs. 
e 

W - Landing  design  gross  wt.  - lbs. 

L Nose  landing  gear  length,  trunnion  to  (£  axle  - extended  - in. 

N - Catapult  load  factor  (ultimate) 

.A 

I)  Forward  fuselage  average  effective  vertical  bending 
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K inline  Provisions 
Wt 


3.Rr,  <T  It)-'*)  '*Nk  * 5.2-1  I<1;  D(,  N|;  ,n 


Where ; 


- Maximum  engine  thrust  Ibs/eng. 


N 


Number  of  engines 


L 


Inline  compartment  lentil  - ft 


1) 


V. 


Kngine  compartment  diameter  - ft. 


Duct  Provisions 


Wt 


21 


Oil  N L 
i)  D 


C C ^ 
j * !■; 


. o 


(p  ) 
v D 


Where: 


N - Number  ducts 
i) 

L - Duel  length  at  (£  - ft/duct 

.i:  - Duct  circumference  at  inlet  - ft/duei 

C - Duct  circumference  at  engine  face  - ft/duct 

') 

P - Ultimate  duct  pressure  - lbs/  in~ 


Alain  Landing  Gear  Doors 


Wt  - K (S  , ) 
22  v MIX 


i . 1 25 


Where: 


K - 5.225  - Separately  actuated  doors 

- J.7RS  - Doors  actuated  and  linked  to  landing  gear 

2 

S.  - Main  landing  gear  door  area  - ft~/AP 
MD 
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Main  Lamli ng  Clear  Cutout  ami 'or  Load  tntro'hiction 


Wt 


a.; 


tiRfi 


VM 


I,  x 10 
KX 


S 


M 


Where . 


F 


\ M 


Main  landing  gear  maximum  vertical  reaction  (ultimate) 
lbs, 'side 


L _ Main  landing  gear  extended  length  , (£  trunnion  to  axle  " inehe 

S - Main  landing  gear  stroke  - inches 

N , - Number  main  landing  gear  struts  |jer  A/P 


Kxternal  Stores  P rovisions 


Wt 


- K (W  ) 

s ' s 


N 


Where : 


K 

S 


W 


S 


N 


S 


Kxternal  store  constant 
.007  USAF 
. 10  USN 

Maximum  or  design  store  wt.  - lbs/sta. 
Number  of  store  stations 
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Sneed  Brakes 


Wt 


].92Sp\  N 


SB 


‘SB* 


ns 


(q  C,s 


1)  SI  3 


JO  ) 


•1!) 


Where : 

S 

Sll 

2 

Speed  brake  area  - ft  /brake 

N 

SB 

Number  of  K|>eod  brakes 

q 

S|ieed  brake  design  dynamic  pressure  - Ibs/ft 

c 

i) 

Speed  brake  drag  coefficient 

K 

1 . 0 for  two  brakes  per  airplane 

- 

. 5G5  for  one  brake  per  airplane 

Bomb  and  I\ lissile  B ay  Cutout 


Wt  K (N) 
2G  B ' ’ 


■ 137 


[WWB  IjBM  DMB  A 10 


-4  - .494 


Where: 

W - Maximum  wea|>on  wt.  - 1 bs . 

W h 

L - Total  bomb  or  m-ssile  bay  length  - ft. 

I)  , - Bomb  or  missile  bay  width  - ft. 

MB 

K - Bomb  bay  tyi)e  factor  - 19.24  Conventional 
! - 24.05  Rotary 

N - Flight  design  load  factor  (ultimate) 
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Hu ml>  ami  Missile  li;i\  iburs  anil  Mechanism  (Conventional) 


Wt 


S 


1. 

Mil  MB 


■IH.i 


(N) 


(q  x 1 ()  ) 


Ml 


Who  re : 

N - Flight  design  load  factor  (ultimate) 

• l 

S - Missile  or  hum!)  bav  door  area  - ft 
MB 

L - That  bomb  or  missile  bav  length  - It 

q - Maximum  operating  dynamic  pressure  based  on  \'  - lbs/ft 

Bomb  a nd  A U s s Be  Bay  Boors  and  Mechanism  (Rotary) 


Wt 


28 


MB 


L 

MB 


7b8  .10  -2  MW 

(N)  (q  ' 10  ) 


Whe  re : 


N 


‘MB 


L 


MB 


q 


Flight  design  load  factor  (ultimate) 

2 

Missile  or  bomb  bay  door  area  - ft 
Total  bomb  or  missile  bay  length  - ft 

2 

Maximum  operating  dynamic  pressure  based  on  Vjj  - lbs/ft~ 


Cabin  Flooring  and  Supports  (Transports) 

Wt  - 6.51  N W,.  A,  l(f  4 ' 024 

20  t t 

Where: 

N - Flight  design  load  factor  (ultimate) 

Wj-  - 1 .0  Cl  Design  floor  loading  - lbs/ft2 

2 

Aj.  - Cabin  floor  area  - ft" 


t a bin  W i 1 i<  kws  (T  r:  i nspo  r t_s| 


Wt 


no 


Is  A 


CL 


Where: : 

2 

A - Window  glass  urea  - 11  /AP 

( i I J 

K Ranges  from  5.0  to  10.0  depending  on  installation.  Most  likely 

to  be  10  0 if  a pressurized  transport. 

Pressure  Web  and  Sealant  (Transports) 


Wt 


;n 


12.57  S P 10 
WP  C 


Where : 
P 


C 


- L'ltimale  Cabin  Pressure  - lbs/in 


S - Cargo- passenger  compartment  pressurized  wetted  area  -ft  /AP 

\ V 1 1 

Air  Kxt ruction  Provisions  (Transports) 

Wt  2-1.65  L 
112  FLR 


Where : 


L - Cargo  Floor  length  -ft 

1'  1 j 1 V 


This  penalty  includes  pallet  side  rails,  conveyors,  and  rollers. 
.Cargo  Loading  R.unps  - Actuated  (Transports) 


Wt 


:i:j 


! . R5 


.5  L W.  x 10 
RA  RA  f 


-•> 


. 7R5 


Where : 


- Ramp  Area  - ft“ 
IjRA  ~ l*amP  length  - ft. 


W. 


G design  floor  loading  - lbs/ft 
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Vhiin  Landing  (dear  Kxloi~i.nl  Kai rings 


..  •> 

. 010:1  s L ( (|  ]()“)' 

r.F  ( ; i ■'  ' 


Where: 


<1 


Maximum  operating  dynamic  pressure  base  on  V 


11 


- lb  s/ft 


S 

(if 


Landing  gear  fairing  area  - ft  /AP 


L - Landing  gear  fairing  length  - ft 

( i r 


Side  Loading  Doors  and  Mechanism 


Wt 


0.0  S 

DA 


Where . 


2 

S i )A  • Side  loading  door  area  - ft  /AP 


Cl  am  she  11  Doors  and  Mechanism 


Wt 


:io 


2.75  C 


SDA 


Where : 


C 


SDA 


2 

Clamshell  doors  area  - ft  /AP 


Flat  Cargo  Clearance  Doors 


Wt 


27 


9.0  F 


CCDA 


Where : 


1 CCDA 


2 

- Flat  cargo  door  area  - ft~/AP 
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Fuel  Tank  Flooring 


Wl  7 .25  F 

28  TFA 


Where: 

F 


TFA 


Fuel  tanking  flooring  area  - fl"/AP 


Swing  Tail  or  Nose  Provisions 


Wl  - 63.  5 C , 
■ T F 


Where : 


C 


F 


Fuselage  ei  reunite  re  nee  - ft. 


Over  Wine  Fairing 


. 95  S. 


WF 


Where: 


Over  wing  fairing  area  - ft  /AP 


W i ng  Slot  Seal 


Wt 

41 


5.84 


L 

WS 


Where : 


Wing  slot  seal  length  - l't/AP 


Wing  Clove 


Wt 


42 


3.50  S 


OL 


Where : 


2 . 

S - Wing  glove  area  - ft  /AP 
GL 
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W indshield  Fairing 


\VI  J-1  S 

i:;  i\v 


Who  re : 


s 

FW 


Windshield  lairing  area  II  ,.\P 


Body  Configuration  Penalties 

Wt  Hodv 

M 

Where : 

Hodv  -■  Sum  of  configuration  i>enalties  weight  (Uei:  below) 

1 . Noise  - !)oundary  layer  and  engine  blast  impingement 

2.  Temperature  aerodynamic  heat  and  engine  blast  impingement 
;; . Fatigue  - service  life 

1.  Aeroelastic  considerations 
5.  Special  anil  advanced  materials 
G.  Fnusual  structural  arrangements 

7.  S|>ec iiic  considerations  due  to  configuration  requirements  - fail  safe  - 
sale  life  - safety  - high  altitude  decompression  effect  on  passengers,  etc. 

8.  Miscellaneous 

Fuselage  Miscellaneous  Weight 

This  weight  item  is  a correction  factor  based  on  a statistical  prediction  error  minimi- 
zation study.  This  correction  may  be  positive,  zero,  or  negative. 
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I'SAf  Fighters 


Wt  OM . ‘1  - 2 578 
1.1 


(h  ) 

L 

FL 

A r 

In  i 

\ i / i/ 

i) 

\ i. 

S N W / 10 

I I )FS 


Whu  rc: 
S. 


Fuselage  aerodynamic  wetted  area  (total)  - ft" 
Forward  longeron  1 e n^yth  - ft 


L - Aft  longeron  length  - ft 
AL 

D - Forward  fuselage  average  effective  bending  depth  - ft 
I.)  , - Aft  fuselage  average  effective  bending  depth  - ft 

N - Flight  design  load  factor  (ultimate) 


W - Flight  design  gross  weight  - lbs 
l)hb 


USN  Fighters 


Wt,  1.0788 
•15 


/ S'L  1 lai, 

AUFF  ' UAF 


sr  N wni-;s  * 10 


Where: 


S - - Fuselage  aerodynamic  wetted  area  (total)  - ft 

L - Aft  longeron  length  - It 
AL 

L - Forward  longeron  length  - ft 

D - Forward  fuselage  average  effective  bending  depth  - ft 

D - Aft  fuselage  average  effective  bending  depth  - ft 
N - Flight  design  load  factor  (ultimate) 


W - Flight  design  gross  weight  -lbs. 
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Bombers 


Wt 


o one*:* 


m 

\ 

i"  1 


Wt 

i 


Tr;ins|w)rt.s 


Wt 


l r. 


/ l-l 
o . 7 9 n [ ^ 

V1 


.027 


11 

\ Wt 

.. L 

i 1 


Total  Hodv  Weight 


T 


Y 

i“] 


Wt  TK 
i i 


1! . 1 . 2 LANDING  GEAR  LIQUATIONS.  The  equations  and  definition  of  terms 
associated  with  the  landing  gear  group  weights  are  documented  in  the  following  par 
graphs  and  References  1 and  li. 


Main  handing  Clear  Structure 

Sinai e Who e 1_- Ve rtieal  Co lumn-Land  Based 


W151  ':,'iNST 


WMAX  % °r  WI,  NL  " 10 


-4 


. 619 


"V'Ax  ' Tid 


N 


ST 


. 591 


Where : 


N - Number  of  main  landing  gear  struls/AP 
ST 

W„,  . - Maximum  gross  wt.  - lbs. 

MAX 


N - Taxi  load  factor  (ultimate) 

W - Landing  design  gross  wt.  - lbs. 

1 J 

Nj  - Landing  load  factor  (ultimate) 


250 


Where . 
K 


B 


Drat;'  brace  ratio 
Ij 


C 


Ij  -1  I, 

c n 


(Taxi  Condition) 


I,  ]/Ii  (S  ) 

KX  M 


Ij  ! I,  - )/2  (S  ) 

i-:x  n v m' 


Landing  Condition 


I, 


H 


L. 


KX 


Compressed  length  - (£  Trunnion  to  axle  - in. 
Brace  length  - (j,  Trunnion  to  (trap;  brace  fitting  - in. 
Kxtended  length  - Truiuiion  to  axle  - in. 


Ij  - Strut  length  above  1’ruiinion  - in. 

S - Main  landing  gear  stroke  - in. 

.Main  Landing  Gear  Structure 
Simrle  Wheel-Vertical  Column-Carrier  Based 

. -i:S5 


Wt 


1 1 . 75  (N  ) 
v ST 


W N x 10 

Li  Ij 


-1-565 

R (Ij  1 . 1S0L  ) 

L B K X TR j 


Where : 


N 


ST 


W. 


Ij 


Number  of  main  landing  gear  struts/AP 


Landing  design  gross  wt.  - lbs 


jN  - Landing  load  factor  (ultimate) 

I j 


R. 


B 


- Drag  brace  ratio 


2:n 


I,  1 2 (S  ) 
KX  M 


1,  '1,  1 1*  (S  ) 

KX  I!  M 


(L anding  Condition) 


K|. Kxtendud  length  Trunnion  l.o  (£,  to  axle  - in. 

S Main  landing  gear  strokes  - in. 

L - Brace  length  - (f,  Trunnion  to  drag  brace  lilting  - in. 
Strut  length  above  Trunnion  - in. 

Main  Landing  tiear  Structure 


Multi  Wheel-Vertical  Column-Land  Based 


\vt  . :io:;  tx  » 

r»:t  st 


W N R (I,  ' . :i()L  ) K /ID 

MAX  T B ' KX  Tit  MA 


X. 


st 


Where : 


N 


ST 


W 


MAX 


N 

T 


Number  of  main  landing  gea  ■ struts/AP 
Maximum  gross  wt.-lbs. 

Taxi  load  factor  (ultimate) 

Drag  brace  ratio 


r, 


KX 


TH 


L 

C 


B 


('Taxi  Condition) 


Kxtended  length  - Trunnion  to  axle  - in. 


Strut  length  above  Trunnion  - in. 


- Structural  Ly j >e  factor 

- 1.0  for  Civil  and  military  transports 

- .700  lor  bombers  (conventional) 

- . -17(5  for  bombers  (13-58  design) 

r.  - Compressed  length  - <£  Trunnion  to  (£  axle  - in. 

B - Brace  length  - <j’,  Trunnion  to  drag  brace  fitting  - in. 


2:32 


. 8 8t 


Main  Landin'!  ( lour  Structure 


Single  \Vlieci-Tri|)Q(l  Type-Land  Based 


\V(  .02-1  N 

f)1  ST 


w N or  W N a JO 
MAX  T LI, 


H (L  t . dOL  ) 

n v kx  tr 


N 


s'r 


Where: 


N - Number  of  main  landing  near  struts/AP 

W - Maximum  gross  wt. -lbs. 

MAX 


N-p  - T;L\i  load  factor  (ultimate) 


W - L anding  design  gross  wt.  - lbs 

I J 


N - Landing  load  factor  (ultimate) 


R - Drag  brace  ratio 


L 


C 


L » L 

c b 


(Taxi  Condition) 


Tx~  ';-SM 

'■KX  * L.  ■ 1/2  S.M 


(Landing  Condition) 


L - Kxtended  length  - Trunnion  to  <£  axle  - in. 


L - Brace  length  - <£  Trunnion  to  drag  brace  fitting  - in. 

L^  - Compressed  length  - (j’,  Trunnion  to  (L  axle  - in. 

Lrpjp  - Strut  length  above  Trunnion  - in. 


2,T'{ 


. 0(52 


Single  Wheel  -Tri{>od  Type-Carrier  Hased_ 


Wt  ! . .‘!7.r)  X 

r>r>  st 


W X or  W X -■  10 

MAX  T L I, 


-1 


7(iS 


H (Tj  ' 

n v i;x 


. :n,  ) 

Tir 


x 


ST 


. %2 


Where : 


X 

ST 


W 


MAX 


T 


W 


I, 


X 


I, 


IT 


I, 


i;x 


l 


H 


Ij 

c 


lth 


Number  of  main  I tint  ling  gear  struts,  A P 
Maximum  gross  wt.  - lbs. 

Taxi  load  factor  (ultimate) 


Landing  design  gross  wt.  - lbs 

Landing  load  factor  (ultimate) 
Drag  brace  ratio 

Lc 

7 7 (Taxi  Condition) 

I j < ij 


r. 


- 1/2  S 


M 


L • L - 1/2S 
KX  11  M 


(Landing  Condition) 


Kxtended  length  - (£  Trunnion  to  <£  axle  - in. 
Brace  length  - <L  Trunnion  to  drag  brace  fitting-  - 
Compressed  length  - <jf,  Trunnion  to  (f,  :ixle  - in. 


Strut  length  ;ibove  Trunnion  - in. 


Nose  I iii nd i ng  ( lea  r 


Homburs  and  Fighters  Land  Based 


\V( 


r.d 


. 70! 


\Y 

MAX 


N or  W 
T L 


N 

L 


-1 

10 


L 

LX 


00-1 


A lioru : 


W 


MAX 


Maximum  gross  wl.-lbs. 


N 


T:ixi  load  l'ae tor  (ultimate) 


\V  - La ndi ng  design  gross  \vt.  - Mis. 
T j 

N - Landing  load  factor  (ultimate) 

I J 


Lxlended  length  - (£  Trunnion  to  axie  - in. 


K,  - Xo.su  landing  gear  design  c riteria  faotor 
( ) 

1.0  (Conventional  design) 

- . 17  (B-58  Design) 


Nose  Landing  Clear 
Transports  - Land  Based 


Wl 


57 


. 772 


1 50 

W N or  W N x J0  4 

H- < 

MAX  T L L 

LX  NO 

Where : 


17.'! 


V\lAX‘ 

nt  • 


Maximum  gross  wl.  -lbs. 
Taxi  load  factor  (ultimate) 


W - Landing  design  gross  wt-lbs. 

N - Landing  load  faeolr  (ultimate) 

1 J 

L - Lxlended  length  - <£  Trunnion  to  (£,  axle  - in. 
hX 

K - Nose  landing  gear  design  criteria  faeior 

- 1.0  (Conventional  Design) 

- .17  (13-58  Design) 


Nose  Land  dear 


iglners  ami  Altnek  Car  rier  Based  fuselage  Tow 


-l  . ::ro  .lRt; 

Wl  R.  in  W N 10  (I,  . ) 

r.'»  LI,  v LX 


Whe  re . 


\Y  - Landing  design  gross  wt.-Ibs. 
I , 


N - Landing  load  factor  (ultimate) 
I , 


L,,  , - Extended  length  - <£  Trunnion  to  axJe  - in. 
LX 


Nose  Land  inti  (lea  r_ 


Tighte rs  and  Attack  - Carrier  Based  - Nose  Landing  dear  Tow 


Wt  I* . 77  W N L ■<  10 
HO  e X LX 


-:i  . iRG 


Where: 

W - data]  alt  design  gross  wt.  lbs. 

N - Catapult  load  factor  (ultimate) 

L , , - Lxtended  length  - (£  Trunnion  jo  <£  axle  - in. 
L X 


Main  Lund  mu  Lear  boiling  St  or  k 

Whorls  - Land  Based  High  Pressure 


Wl  M.0:i(N  ) 

fit)  VVII 


■IOC) 


"»iaxnt  orW..NI.'10 


1)  W / ]() 
VV11  FL 


594 


Who  re : 


NWII 

^lAx’ 

N 

T 


W 


L 


N 


L 


Number  main  landing  gear  wheels  per  airplane 
Maximum  gross  wl.  - lbs 
Taxi  load  factor  (ultimate) 

Landing  design  gross  wt  - lbs. 

Landing  load  factor  (ultimate) 


1)  - Wheel  bead  ledge  dia.  in. 

Wl  1 

W - Wheel  width  between  flanges  - in. 
Wheels  - Land  based  Low  Pressure 


Wt  2.0  Wt 
01  00 


.619 
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Wheels  Carrier  Based 


Wt 


02 


10.01 


iNWH) 


■17! 


■tJO 


r 

-w 

! W 

N x 1 0 

L i* 

I- 

I) 


W 

Wll  FI, 


10 


Who  re : 


Wll 


W 


I, 


N 


I, 


1) 

Wll 

w 

FI, 


Number  main  landing  gear  wheels  per  airplane 
Landing  design  gross  w'..  - lbs. 

Landing  load  factor  (ultimate) 

Wheel  bead  ledge  dia.  - in. 

Wheel  width  between  flanges  - in. 


13  Hikes  - No  1 )rag  Chute 


-G  .8752 

Wt  ,,  Hi.  10  (K.  E.  x 10  ) 

(id 


Where: 


K . K 


(W 


0-1  1 


MAX  2 

(vs> 


V - Landing  configuration  |X)\ver  off  stall  speed  - fl/sec 

i J 

(a  T.O.  gross  for  land  based  aircraft 

(a  Design  landing  weight  for  carrier  based  aircraft 

W - Maximum  gross  weight  - lbs. 

MAX 


258 


H rakes  With  Drag  Chute 


Wt 


(it 


-G 

10.  Hi  (K.  K . • 10  ) 


Where: 

Ik  . !•: . 


<WMAX,  S 

<'v 


\\.  - I, muling  configu ration  [tower  off  stall  speed  - ft /see 

(!<  T.U.  gross  for  1 ;iik!  based  aircraft 

(a  Design  landing  weight  for  carrier  based  aircraft 

W - Maximum  gross  weight  - lbs 
MAX 

'fires  (MLG) 

1 . If  tire  size  has  been  determined  select  tire  weight  from  manufacturer’s  handbook 
for  maximum  static  load  rating. 

2.  If  tire  selected  is  notstandard  use: 

Type  ill  and  VII 

Wt  2.05  N (DU),)  '9G°  (W  -'I)  - I)  )'RG4 

05  TI  l WI1  v TI  t Wll 

.38-1  -3 

(Ft)  x 10 

Type  VI D 

Wt  1 . 08  N (I)  ' n )J  ' 3 ,0  (W  U)  - 1)  )3 ' 0j,j 

00  TI  v t Wll  ' TI  t WII 


„ .'108  -1 
U'  ) x 10 

Where: 


i) 


DWII 

WTI 

FT 


N 


TI 


Max.  outside  diameter  - in. 

Bead  ledge  diameter  - in. 

Max.  section  width  - in. 

Max.  static  load  - Ibs/lire 

Number  main  landing  gear  tires  per  airplane 
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Nose  ham  I i im~  clear  Rolling  Stock 


Nose  Landing  ( ion r,  Tires.  Tnlies  and  Wheels 


Wt 

C»7 


Mi 

V W W W 
Lj  | - t - t 
. sir,  i 51  i Mi  CM 


(W  J 0 

NAX 


-w 


. :5c»r> 


Where: 


W 


MAX 


Maximum  weight  lbs 


Lain ljjij;M je a r Controls 


n UTi 


£ 

1 51 


0 «-l 


Total  Landing  Clear  Weight 


T i F i 

IRWT  IXFI) 


Where: 


riRWT~  lnpul  Ur°  woi«ht 
IXED  - Fixed  weight  input 


T - Tail  bumper  weight 
AIL  13 


1AILB 


NACELLE  EQUATIONS.  The  equations  ;ind  definition  of  terms  associated 
with  the  external  nacelle  group  weights  are  documented  in  the  following  paragraphs 
and  Reference  1 . 


Nacelles 


Cow  line' 


Where: 


Wt  :i;l.-ir>N 
HO  N 


H 1) 

N N -1 

K W S or  x !() 

N NC  N I)  11 

N N 


N 


N 


K 


N 


W 


NC 


N 


B 


N 


1) 


N 


Number  of  like  nacelles  per  airplane 

Nacelle  type  eonsUml 
1 . 00  - Single  subsonic  - turbojet 
2.15  - Single  supersonic  turbojet 
2.33  - Single  supersonic  - turbofan 
.32  - Siamese  subsonic  - turbojet 
1 . 00  - Siamese  subsonic  - turbofan 
.GO  - Siamese  subsonic  - turbojet  with  outrigger  gear 

Wt-  nacelle  content  (excluding  nacelle  structure)  - Ibs/nac 

2 

Nacelle  cowl  surface  area  - ft  /nae 
Maximum  nacelle  breadth  - ft. 

Maximum  nacelle  depth  - ft. 


II 


N 


1) 


N 

Use  or  

1Jm  15 

N N 


, whichever  is  greater 
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I’ylons 

Single  Kngino  Instal  lot  ion 


[)r,‘A 


Wl 


R1 


M . 1 1 N 


K N W L 1)  -10 

PYL  NC  N N 


-(5 


(S  ).  lift  l 
v PVI/ 


PVIj 


cos 


lA_  PVL 


\V  ho  re : 


N 


PVIj 


K 


PVIj 


N 


W 


NC 


Number  of  like  pylons  per  airplane 

1.0  Military  transports  awl  bombers 
l.-H)  Commercial  transports 
Flight  design  load  factor  (ultimate) 

Wt.  nacelle  contents  (excluding  nacelle  structure)  - lbs/nacelle 


I; 


Nacelle  cowl  length  - ft. 


13 


N 


A-i'Vir 


PYL 


Nacelle  cow  maximum  depth  - ft. 

Pylon  leading  edge  sweep  angle  - degrees 

•) 

Pylon  planform  area  - ft  /nacelle 


242 


biame se  Knginc  Installations 


Wl  - 3 10 . 2(1  N 
R2  PVT. 


K N W S 10 

NC  PYL 


-0 


. (io:i 


cos 


PYL 


Where: 


N 


PYL 


K 


(5 


N 

W 


NC 


PYIj 

A. 


PYL- 


Nvmiher  of  like  pylons  |)er  airplane 

] . 0 No  gear  in  nacelle 
1 . 2G5  gear  in  nacelle 

Flight  design  load  factor  (ultimate) 

Wt.  nacelle  contents  (excluding  nacelle  structure)  - Ibs/nacelle 

2 . 

Pylon  planform  area  - ft  /nacelle 

Pylon  leading  edge  sweep  angle  - degrees  (See  Figure  ]0) 


N 


PYL 


XurLmitmt 

Cowling 


Number  of  like  pylons  |>er  airphuie 


1.81  N 


N 


B. 

W S 
NC  N D 


N 


D 


or 


N 


N 


B 


x 10 


-3 


.593 


N 


Where: 


N 


N 


W 


NC 


N 


B 


N 


Number  of  like  nacelles  per  airplane 

Wt.  nacelle  contents  (excluding  nacelle  structure  - (including 
propellers)  - Ibs/nacelle 

2 

Nacelle  cowl  surface  area  - ft*" /nacelle 
Maximum  nacelle  breadth  - ft. 


I)  - Maximum  nacelle  depth  - ft. 
N 


Use  13  /I)  or  D ,/B  , whichever  is  greater. 

N N N N 
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Main  banding  Clear  Doors 


Wl  .mil  (N  ) (S  /2) 

9.1  ' (,  ' Mi) 


! . Of) 


\\  here: 


N 

c; 


s 


Ml)  - 


Number  oi'  main  landing  gear  installations  per  airplane 

2 

Main  landing  gear  door  area  - flVAP 


Nacelles  with  Cowl  Flaps 


115.97  N 

N 


11. 
s - 

N I) 


N 


N 


or 


1) 

N 


Where: 


-11 

10 


. 465 


N 

N 


VV 


NC 


S 

N 


I) 


N 


11 


Use 


I) 


N 


Number  of  like  nacelles  per  airplane 

Wt.  nacelle  contents  (excluding  micelle  structure  - (including 
propellers  ) - lbs/nacelle 

Nacelle  cowl  surface  area  - ftV nacelle 

Maximum  nacelle  breadth  - ft 

Maximum  nacelle  depth  - ft 


or 


whichever  is  greater 
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Nacelles  with  Air  Plugs.  Baffles,  etc. 


Wt 


sr> 


•i  ,r) . n:j  n 


N 


w s 

NC  N I) 


N 


I) 


N 


or 


N 


n 


•'  H) 


N 


. 882 


Where: 


N 


N 


Number  of  like  nacelles  per  airplane 


W ^ , - Wt.  nacelle  contents  (excluding  micelle  structure  - (including 
propellers)  - lbs/naeelle 


N 


N 


Nacelle  cowl  surface  area  - ft  /nacelle 
Maximum  nacelle  breadth  - ft. 


1) 


N 


Maximum  nacelle  depth  - ft. 


13  D 

, . N N 

l se  — — or  , whichever  is  greater 

N 1 N 


Main  Landing  Clear  Doors 


Wt  ■ 1 G1  1 N (S  /2) 
87  G MU 


2.0.3 


Where: 


S , - Main  landing  gear  door  area  - ft  /AP 

Ml) 


N , - Number  main  landing  gear  installations  |>er  airplane 

( i 


Nacelles  Total  Weight 


87 

T Y W T 

N i 80  t K. 

i i 
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2.  1 1 St'PPt  >KT  Fiji  ATK  ),\'S.  The  equations  and  definition  of  terms  associated 
with  the  support  equations  are  documented  in  the  following  paragraphs  and  Reference 
1 The  sup|Kjrt  equations  are  optional  equations  used  to  obtain  preliminary  estimates 
ol  loads,  etc. 

Support  F, dilation 

Fun  Tail  Load  (Ultimate) 


_1  .901 

F 15R.2.  1 (N  W x 10  ) 

\ des 


Where: 


N - intimate  design  load  factor 

W - Design  gross  weight 

Horizontal  Tail  Load  (ultimate) 


F 95.39N 


VV 


DFS 


C 


W 


Til 


I IT 


W 

DES 

,1 

!T~TCTn 

l Til 

_HT  \ 

VC 

S / 

V W 

W ' 

x 10 


-:i 


1.008 


Design  gross  weight  - lbs 

Wing  mean  aerodynamic  chord  - ft. 

Ilori/..  tail  length  - .25  MAC  wing  to  .25  MAC 
Noriz, . tail  - ft. 

2 

Horizontal  tail  area  - ft/VAP 


W 


Cross  wing  area  - ft" 
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handing  Uonfigunition  Power  Off  SUtl i Speed  tit  Design  Landimr  Weight 


Y 

S 


w \ o.r> 

MAX  \ 

0.  001  1.9!)  S C / 

W I.  / 


Whore: 


W - Max  gross  weight  - lbs 

. 2 

S - Wing  area  - It 


C - Landing  configuration  C 

1 1 Li 


v 

Ultimate  Duet  Pressure  - lbs/in“ 


P 


I) 


• KM  (q) 


1 . 085 


Where: 


q 


is  based  on  V 


II 


1) 

e 


14  GO 


x 


. 71 


W 


L 


Design  landing  weight  - lbs 


V 


S 


Landing  configuration  power-off  stall  speed  at  design  landing- 
weight  - ft/sec 
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Nose  Landing  dear  Maximum  Vertical!  Reaction  - lbs  (Ultimate) 


L mil  Based 

"VN  ^'mAX  NT»rWl.  \",n"'>’,i5" 


Note:  Fse  VV  N or  W N , whichever  is  greater 

i\  I AX  I I j I j 


Carrier  Based 


-1  -782 

F 18,r>9  (i  (W  N.  ■<  10  ) 

\ N L L 


Where: 


\V  . - Maximum  gross  weight  - lbs 
V 1 a VN 

\V  - Design  landing  weight  - lbs 

I j 

Nbj.  - Taxi  load  factor  (ultimate) 

Nr  - Design  landing  I'aetor  (ultimate) 

1 j 

Main  Landing  Dear  Maximum  Vertical  Reaction  -lbs  (Ultimate) 
Land  Based 


f /Side  :isr>r>.7  (W, 

VM  v MAX 


N orW 
T L 


N 


-1 

10  ) 


0-1 


Note : 


Fse 


W 

MAX 


N^,  or  W 


N 

L 


whichever  is  greater 


Carrier  Based 


-1  .707 

F /Side  8(M8.9  (W  N / 10  ) 

VM  v L I,  ’ 


Where: 


W - Maximum  gross  weight  - lbs. 
MAX  b b 

W - Design  landing  weight  - lbs 
L 

N - Ultimate  taxi  load  factor 
T 

N - Design  landing  factor  (ultimate) 

Li 
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section 


com pute r program  discussion 


:u  I PROGRAM  DISCUSSION 

This  program  consists  primarily  of  empirical  e(|uations  defined  in  paragraph  2.1  1 
through  2.1.1  and  Reference  1. 

The  program  is  structured  so  the  user  can  go  through  and  use  every  equation  and 
then  with  a tailoring  constant  (TK(l))  zero  out  the  equations  that  are  not  applicable  to 
his  vehicle  definition.  This  tailoring  constant  can  also  be  used  to  tailor  weights  up 
and  down  as  a function  of  exotic  material  utilizations,  design  concepts  and  particular 
confi  gu  rat  ion  | icnal  t ies . 

The  program  contains  nine  subroutines  and  a driver  program.  It  is  written  in 
Fortran  I V and  can  be  easily  adapted  for  use  on  a small  computer.  The  deck  setup 
for  CYBER  70  Model  7 2 - 1 G is  presented  in  Figure  1. 

2.1.1  DESCRIPTION  OF  SUBROUTINES.  This  section  describes  each  individual 
subroutine  to  further  represent  the  internal  structure  of  the  program. 

2.  1.  1 . 1 Driver  Program  BLN.  The  How  chart  presented  in  Figure  2 represents 
the  various  subroutine  modules  and  general  program  flow  of  the  driver  program. 

2.  1.  1.2  Subroutine  PRESET.  T;.o  r irposo  of  this  subroutine  is  to  preset  the  input 
values  and  weights  to  zero  and  to  establish  a number  for  the  input  and  output  devices. 

2.1.1  2 Subroutine  I DATA.  The  purpose  of  this  subroutine  is  to  input  data  by  means 
of  a name  list  device. 


2.  1.  1.1  Subroutine  BWT.  This  is  the  body  empirical  weight  prediction  subroutine 
utilizing  empirical  equations  defined  in  paragraph  2.1.  1 and  Reference  1 

2.  1 . 1 . 5 Subroutine  WTSl.’M . This  is  the  body  semi  -analytical  weight  prediction 
subroutine  utilizing  the  iiqRit  weight  for  the  basic  shell  in  Reference  2 and  the  empirical 
weight  penalties  computed  in  the  BWT  subroutine.  It  also  distributes  empirical  weight 
penalties  into  panels,  longerons,  frames,  webs,  and  non- structure  by  percentages 
as  shown  in  Table  1.  The  following  procedure  illustrates  the  method  used  to  change 
the  percentage  of  Wing  Reaction  Body  Tie  penalty  distribution  in  Frames  from  10  to  25 


2di) 


d.\t.\ 


O 


FIGURE  1.  DECK  SETL  t*  FUR  CVBER  70  MODEL 


percent  anil  in  Longerons  from  10  to  j r>',<  . Locate  the  column  number  lor  Longeron 
(2)  anil  Frames  (Ilf  and  the  How  number  for  Wing  Reaction  Body  Tie  (5)  and  input 
HCW  (2.f>;  0 Id  and  1‘CW  (,‘l,  li)  - 0 . .'br>  (reference  example  bottom  of  T;ible  1). 

All  percentage  references  in  I he  table  can  be  changed  by  the  input  variable  PCW  (I , -J ) 
where  1 - column  number  and  J row  number. 

d.  1 . 1 0 Subroutine  B()I)V().  This  subroutine  outputs  the  body  weights. 

d.  1 . I . 7 Subroutine  LGWT.  This  is  the  landing  gear  empirical  weight  prediction 
subroutine  utilizing  the  empirical  equations  defined  in  paragraph  2. -1.2  and  Reference 
1 

d.  . 1 . R Subroutine  LOOT.  This  is  the  burning  gear  output  subroutine. 

d.  I.  1.0  Subroutine  NAC,  This  is  the  nacelle  empirical  weight  prediction  subroutine 
utilizing  the  empirical  equations  defined  in  paragraph  2.1.  d and  Reference  1 

3.1.1.10  Subroutine  NACOP.  This  subroutine  outputs  the  nacelle  weights. 

3.2  PROGRAM  INPUT 

The  in|jut  to  this  program  is  read  through  the  namelist  'library  subroutine.  The 
namelist  input  deck  consists  of  one  card  for  each  input  variable.  Each  input  card 
has  on  it  the  Fortran  name,  the  present  value  of  the  variable,  and  a brief  definition 
of  the  variable.  All  input  variables  are  initialized  to  zero.  On  multiple  runs, 
every  variable  that  is  not  used  on  the  second  inn  that  was  used  on  the  first  run  and 
all  support  variables  must  be  input  as  zero. 

All  variables  that  are  support  variables  that  do  not  have  a known  value,  must  be 
input  as  zero.  If  Ihc  sup|>oiT  variable  input  is  zero,  the  program  will  use  equations 
in  paragraph  2.1. 4 to  calculate  the  value. 

The  input  card  is  automatically  printed  back  in  the  outlet.  A list  of  all  iiossible 
input  variables  and  their  definitions  is  presented  in  Ap|>endix  II. 

The  variable  FLAO  is  the  only  control  variable  in  this  program  and  its  function 
is  illustrated  in  Figure  2. 

d.d  PROGRAM  OUTPUT 


This  program  was  developed  to  print  out  the  answer  to  every  equation,  even  if  the 
answer  is  zero,  in  order  to  verity  if  all  equations  intended  have  been  applied. 


m.N 

(imivKU) 
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The  output  includes  a |>rint-!>aek  of  the  input. 


Fusel n ire  Output 

The  fuselage  weight  is  output  in  seven  columns.  The  first  column  presents  the  pure 
empirical  weights.  These  weights  subtotal  at  the  bottom  of  the  column  for  total 
empirical  weight.  The  next  five  columns  are  the  printout  of  the  semi -analytical 
weights.  The  top  line  of  numbers  are  input  from  Al’AS  and  are  analytical  weights. 
The  remaining  columns  show  the  weight  of  penalty  per  item  (Table  1)  (Panels, 
Longerons.  Frames,  Webs.  Non-SLruc)  and  are  empirical  weights.  The  remaining 
column  is  the  horizontal  sub-total  of  the  semi-analytical  rows.  The  bottom  line 
presents  the  sub-totals  of  semi-analytical  columns  and  in  the  last  column  the  total 
semi-analytical  weight.  The  remaining  four  items  present  the  actual  body  weight  and 
body  predicted  weight,  as  well  as  the  two  weight  factors  (body  actual  weight  divided 
by  ..cun-analytical  weight  and  body  actual  weight  divided  by  empirical  weight. 

Landing  Gear  Output 

The  landing  gear  weight  output  is  all  empirical,  except  for  the  tires  and  tail  bumper 
weights.  The  tire  weight  can  be  empirical  or  input.  The  tail  bumper  weight  must 
be  input. 

This  section  also  outputs  the  Landing  Configuration  Power  Off  Stall  Speed,  Design 
Load,  Drag  Brace  Ratio,  and  Kinetic  Energy. 

^acelleJJuttaiL- 

The  nacelle  weight  output  is  all  empirical  weights.  The  actual  weight  is  pro. sealed 
along  with  the  weight  factor. 
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SECTION  1 


a INCLUSIONS  AND  RE  COMMENDATIONS 


This  section  summarizes  the  conclusions  reached  as  a result  of  this  development 
effort.  Recommendations  are  made  for  future  extensions  and  refinements  of  the 
computer  program  dovelojied  on  this  study. 

Conclusions: 


A computer  program  to  estimate  body,  landing  gear,  and  nacelle  weights  was 
successfully  developed.  The  results  of  the  test  study  effort  have  been  favorably 
correlated  with  aircraft  data  in  three  test  cases. 

Recommendations: 

a)  The  program  should  be  expanded  to  include  wings,  tails  and  subsystem 
weight  subroutines. 

b)  The  math  model  and  program  should  be  expanded  to  include  geometry 
calculations. 

c)  The  math  model  and  program  should  bo  expanded  to  include  exotic 
materials  and  composites. 
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APPENDIX  I 
Program  Listing 
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VS-LA^IOING  CO^. POWER  OFF  STALL 
DESIGN  LOAD  /10C0. 

DRAG  Wh'AC-*  >ATIC 
KF-KINFUC  FNc^GY/iooa  FT-LB 


SPEC'D  KNOTS  128.46 

5r5 . 00 
.65 

115444.63 


WEI GHTS 


ML  F S T RUC-S  1 'I  »L  F WHFEL-VERT.COLUTN  LAND  BASED  O.P 

ML  G STRUC-S1NGLF  WHEEL -VERT  . COLUMN  CARR  BASED  0 . L 

MLG  STRUC-MULn  WHEEL- VERT . CCLU BN  LAND  BASED  ? 8 1 9 - 0 

MLG  S TPUC-S 1 NGL  F WHEEL-TRIPOD  TYPE  LAND  BASED  J.C 

•1LG  STRUC-S:  NGLF  WHEEL-TRIPOD  T Y°  E CARR  BASED  0.0 

NLG  STRUC-BDMHF4S  AND  FIGHTTRS  LAND  BASED  D.C 

NLG  S T p IJC-T  ^ ANS PORT  S LAND  BASED  441.0 

NLG  STKUC-FIGHTFR  ♦-  ATTACK  FUS  TOW  CARR  BASED  O.T 

NLG  STRUC-FIGHTER  ♦ ATTACK  NOS  TDW  CARP  BASED  0.0 

MLG  ROLLING  STOCK  -WHEELS  HIGH  °RS  LAND  BASED  515.0 

ML G ROLLING  l^OCK  -WHEELS  LOW  PRS  LAND  BASED  0.0 

MLG  ROLLING  STOCK  -WHEFLS  CARR  BASED  u.P 

BRAKES  -NO  ORA''  CHUTE  1182.0 

BRAKES  -drag  chute  0.0 

T T tr  S-T  YPF  HI  AND  VII  0.0 

TiPFS -TYPE  VIII  0.0 

TIRE  WT.  INPUT  709.0 

NLG  ROLLING  STOCK  149.0 

LAMING  GF Af  CONTROLS  615. C 

TAIL  BUKFER  WT.  6 . C 

c I X r D STRUCT URr  191.0 

TOTAL  LANDING  GFAk  6630.0 

ACTUAL  WLIGHT  6933.0 

weight  factor  1.046 


N A Cr  L l F wriGHT 


480  TCST  C A S c 


JET  ENGINE  COWLING  16h4.4 
J c T FNGlNr  :’YLONS  S I N GL  r ENGINE  1758.  b 
JrT  FNGINF  NYLONS  SIAMESF  ENGI TF  0.0 
TUROOPRTP  COWLING  C.G 
TUR30PKDP  MAIN  LANDING  GFAR  DOOR  O.P 
PISTON  ENGINES  NAC  WITH  COWL  APS  L.C 
PISTON  ENGINES  NAC  WITH  AIR  PLJGS  C . C 
PISTON  P N G I N r S MAIN  LANDING  Gr AR  000P.3  L.C 

TOTAL  N ACrLL  P GROUP  3602.9 
ACTUAL  WFIOHT  1685. C 
WEIGHS  FACTOR  1.G23 
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1 AND  IN G GEA-> 


R-53A  TFST  CASE 


OUT°UT 

VS-L  ANQING  G3NE. POWER  OFF  STALL  S P E F0  KNOTS  139. 4o 

DESIGN  LOAD  / 1 0 0 0 . 469.00 

DRAG  3RACE  'I  AT  10  .54 

KE-KINFT1C  F NFRGY/1000  FT-LR  140502.56 

WEIGHTS 

HLG  SIRUC-SINGLF  WHEEL-VERT . C 0 L LM  N LAND  9 A S ED  0.0 

MLG  S TRUC-S INGLE  WHEEL-VERT .COlUIN  GARk  9ASED  0.0 

HLG  S T f:  UC-HIL  T I WHFEL- VERT  .COLUiN  LAND  9 A SEO  1669.0 

-1LG  STPUC-S  INGLE  WH  FFL-TRIP  C'3  TYPE  LAND  9ASF0  0.0 

HLG  S T R OC-S 1 NGL  F WHEEL-TRIPOD  TY^E  CARR  9ASED  3.0 

NLG  STPUO90M9PC?  AND  FIGHTERS  LAID  RASED  249.0 

NLG  S TRL'C-TRAN  SPORT  S LAND  RASED  3.0 

NLG  STRLC-FIGHTFR  ♦ ATT  AC  K F U S T 3 W CARR  9 A s FD  0.0 

NLG  ST  dUC-FIGHTFP  * ATTACK  NOS  TOW  CARR  RASED  O.C 

NLG  ROLLING  STOCK  -WHEELS  HIGH  PRS  LAND  RASED  395. G 

HLG  ROLLING  STOCK  -WHEFlS  LOW  PRS  LAND  RASED  O.C 

HLG  RuLLIJG  SrOFK  -WHEELS  CARR  RASFD  0.0 

RPAKES  -NO  DRAG  CHUTE  0.0 

RRAKtS  -DRAG  CHUTE  580. G 

T IR  ES-T  Y PE  III  ANO  VII  O.C 

TIRCS-TYPE  VIII  0.0 

T I P r WT.  ir-*!JT  4 *+  4 . C 

NLG  POLLING  STOCK  10  7.C 

LANDING  GE An  CONTROLS  38  3.0 

TAIL  JUMPER  WT.  O.C 

FIXED  STF  JCTURF  O.C 

TOTAL  LAN3INS  GEAR  375  1.0 

ACTUAL  WEIGHT  3412.0 

. 91C 


WEIGHT  FAST  OR 


N AC;  ILF  W'  I:,mt 


a-:>8a  tfst  cast 


JrT  rNGi.Nr  FOWLING  3 & 39.1 

JTT  CGIC  n V L ONS  SINGLC  c K,  I N E 1CJ/.2 

JrT  FfGlNr  n YLONS  SIAPFSF  ENGINE  0.0 

TU*'  }OC}P  COWL  IMG  G.C 

['I-' "Of-rio  «AIN  L ANTING  CAP  COOP  C.C 

PISTON  FMGIMFS  U A C WITH  CJHL  FlAFS  o.C 

PISTON  CMC  I NFC  MAC  WITH  AIR  PLUGS  J.C 

PIS!  ON  t-NGINrS  PAIN  LANDING  GFAR  DOORS  0.0 

TOTAL  NACLL  - GROUP  457 b.3 

ACTUAL  WEIGHT  46/5,0 

WEIGHT  FACTOR  1.022 


TirLc=tOfct  5'  Test  cisr 


FUFi 


127 


T V P F -3.0  ,nFF  = 55M  FL  FG  (0  US4F,  1USN,  2 RO*5FR , 3 TRANSPORT) 
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L ANT  I MG  GF  A R AX  T-ST  CASE 


OUTPUT 


VS-LA'iOING  CO^.PDWFR  off  STALL  KNOTS 

112.76 

JCSIG'I  LOAD  / 1 0 C 0 . 

114.  00 

DRAG  3 FA re  FATIH 

.62 

KE-KINFT1C  FNFPGY/1  10  ) FT-LC 

21-420.73 

WEIGHTS 

MLG 

S rk'UC -SINGLE  WHFEL-VERT  .COLUMN 

L ANO 

D A S FD 

0.0 

ML  G 

jTPUC-S  lNGLF  WHFFL-VE’T  .COLUMN 

CARR 

3 Ab^D 

0 . 0 

MIG 

STRUC-MULTI  WHFEL-VERT. COLUMN 

LAND 

CASED 

o.c 

MLG 

STRUC-SINGLF  WHFEL-TRIPOD  Tvpe 

LAND 

3ASFD 

26  3.0 

MLG 

STRUC-SINGLF  WHFEL-TRIPOD  TYPE 

CARR 

3ASFD 

0.0 

NLG 

S T ®UC- 00 M -3F P S AND  FIGHTERS 

LAND 

3ASFD 

110.0 

ML  G 

STRUC-T 2 ANSPORTS 

u AND 

CASED 

0.0 

NLG 

STRUC-FIGHTFR  f ATTACK  FJ<  TOw 

CARR 

CASED 

D.C 

NLG 

STcUC-FIGHTFR  ATTACK  NOE  TON 

CARR 

3ASFD 

0.0 

MLG 

ROLLING  ST  OC  K - WHC  FL  S HIGH  PRS 

land 

CASED 

0 .0 

MLG 

ROLLING  ST T'C K -WHEELS  LOW  PRS 

LAND 

CASFD 

177.0 

MLG 

ROLLING  S T n C K -WHEELS 

CARR 

CASED 

O.C 

CRAKES  -NO  DRAG  CHUTE 

235.0 

3*AKF>  -OR  AG  CHUT  F 

0.0 

TIRFS-TYPF  III  AND  VII 

167.0 

TIk 

c S-T YT  E Viri 

0.0 

TIP 

“ WT.  INPUT 

0.0 

NLG 

ROl.lI  JG  SrOCK 

74.0 

L AN 

DING  GE  A R CONT  ROLS 

144.0 

T A I 

L DUMPER  WT  . 

0.0 

FIX 

<:0  STRUCT  URr 

0.0 

total  landing  GFAj, 

1175.0 

ACTUAL  WFIGWT 

1 32  3 . C 
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WEIGHT  FACTOR 


1.  126. 


NACELLE  Wrir,HT  AX  TEST  CASF 


JrT  E N GI  N r HOWLING  42F.3 

JET  ENGINE  PYLONS  SINGLE  ENGINE  ^03.9 

JET  c N G I N F PYLONS  SIAMESF  ENGINE  C.C 

VJRROFPOP  TOWLING  L . 0 

TlJPlGPkOP  H A I N LANDING  GCAR  DJOR  0.0 

PISTON  ENGINES  NAC  WITH  COWL  FLAPS  0.0 

plSTON  ENGINES  NAC  WITH  AIR  PL'JGS  0. 

PISTON  ENGINES  MAIN  LANDING  Gr A -<  DOORS  u.O 

TOTAL  NACELLE  GROUP  732.2 

ACTUAL  WPIGHT  676.0 

WEIGHT  FACTpp  .023 
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